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International Association for" the Properties of Steam has adopted new recommended 
interpolating equations for the thermal conductivity of fluid H20 at pressures up to 100 
MPa and at temperatures up to 800 0c. These new international equations are discussed. 

Key words: lAPS; Prandtl number; steam; thermal conductivity; thermal diffusivity; water; water 
vapor. 

Contents 

1. Introduction ......................................................... 894 
2. Survey of Experimental Information ............ ....... 895 

2.1. General Comments ................................ ;..... 895 
2.2. Thermal Conductivity of Water Vapor 

and Steam at Low Pressures......................... 896 
2.3. Thermal Conductivity of Steam at Ele-

vated Pressures. ............ ........ ................. ....... 896 
2.4. Thermal Conductivity of Water ................... 897 

3. Description of International Formulation ........... 898 
3.1. General Comments ...................................... 898 
3.2. Recommended Interpolating Equation 

for Scicntific Usc........................................... 898 
3.3. Recommended Interpolating Equation 

for Industrial Use ......................................... 902 

81 Present address: Buffalo Research Laboratory) Allied Chemical, Buffalo, 
NY 14210. 

@ 1984 by the U.S. Secretary of Commerce on behalf of the United States. 
This copyright is assigned to the American Institute of Physics and the 
American Chemical Society. 
Reprints available from ACS; see Reprint List at back of issue. 

0047-2689/84/030893-41/$07.00 893 

4. Discussion of International Thermal Conduc-
tivity Equations .................................................... 906 
4.1. Comparison with International Input .......... 906 
4.2. Thermal Conductivity of Gaseous H20 

at Low Pressures .. ......... .................... ........... 907 
4.3. Thermal Conductivity of Steam in the 

Critical Region.. ........ .................. ................. 909 
4.4. Thermal Conductivity of Saturated Vapor 

and Saturated Liquid.... ......... ................ ....... 911 
4.5. Thermal Conductivity of Fluid H20 at 

High Pressures ., ...... ............ ........ ................. 912 
4.6. Prandtl Number and Thermal Diffusivity ... 913 

5. Acknowledgments................................................ 916 

Appendix 1. Release on Thermal Conductivity of 
Water Substance Issued by lAPS in 1977 and 
Amended in 1982.............................................. 916 

Appendix II. Alternative Thermal Conductivity 
Equation for Scientific Use ......... .............. ......... 925 

Appendix III. Thermal Conductivity in the Imme-
diate Vicinity of the Critical Point .... ....... ......... 927 

Appendix IV. Alternative Thermal Conductivity 
Equation for Industrial Use .............................. 928 

6. References.......... .................................................. 931 

J. Phys. Chem. Ref. Data, Vol. 13, No.3, 1984 



894 SENGERS ET AL. 

List of Tables 

1. Primary experimental data set (International 
Input) ......... .. .. .............................. ................... 895 

2. Coefficients ~ for ,.1,0(1") .. .. .. ............. ........ ...... 899 
3. Coefficients b~ for ,.1,1(1',,0) ... ............. .. .......... . 899 
4. Coefficients at for Po(T) ................................. 900 
5. Coefficients b'ij for P1(T,,o) as defined by Eq. 

(3.10) .. .. ..... .. ............. ... ........ ...... ........ ... ........... 900 
6. Difference between the thermal conductivity, 

calculated from the scientific equation with 
the lAPS 82 formulation, and the thermal con
ductivity calculated from the scientific equa-
tion with the IFC 68 formulation .................. 901 

7. Coefficients a" forA 0(1") ............................... 903 
8. Coefficients bi and Bi for A ; (,0 ') ......... .. .... .. .. 903 
9. Coefficients d i and Ci for A 2 (I' ',,0') ........... ,. 903 

10. Percentage difference between the thermal 
conductivity calculated from the equation for 
industrial use, and the thermal conductivity 
calculated from the equation for scientific use 905 

11. Comparison of thermal conductivity equation 
for scientific use with International Input ...... 906 

12. Comparison of thermal conductivity equation 
for industrial use with International Input ... . 907 

13. Coefficients c~ for A liq .• •••••• • •••••• ••• ••••.•. ........... 912 
14. Coefficients c~' for Avap ................................... 912 
15. The Prandtl number Pr = pCp /,.1, calculated 

from Eq. (3.4) for A, Eq. (3.8) for P, and the 
lAPS 82 formulation for cp •••• ••••• ••••• •••••••••••••• 914 

16. The thermal diffusivity DT = A /pcp calculat
ed from Eq. (3.4) for A and the lAPS 82 formu-
lation for p and cp ••••••••••••••••••••••••.•.••••• ••••.• •••• 915 

1.1. Critically evaluated experimental data re-
duced to a uniform grid.... ............ ........ ....... ... 918 

1. Introduction 

During the past five decades, steps have been taken to 
formulate and standardize values for the thermophysical 
properties of water and steam (water substance) through a 
series of international conferences on the properties of 
steam. Since 1968 these activities have been and continue to 
be directed and coordinated by the International Associ
ation for the Properties of Steam (lAPS). 

The first international formulation for the transport 
properties of water substance was completed in 1964 by a 
panel elected for the purpose by the 6th International Con
ference on the Properties of Steam held in 1963. K I The 6th 
International Conference on the Properties of Steam also 
established an International Formulation Committee which 
completed a Formulation for the Thermodynamic Proper
ties of Water Substance for Industrial Use in 1967 (IFC 67" 
Formulation)MI,sl and a Formulation for the Thermody
namic Properties of Water Substance for Scientific and Gen
eral Use in 1968 (IFC 68 Formulation)y,RI 

The formulation for the transport properties adopted in 
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1964 was based on the information available at the time. 
Since then a considerable body of new experimental data for 
the transport properties of water substance has become 
available. This new information makes it possible to repair 
deficiencies in the first formulation, to extend the range of 
pressures and temperatures, and to reduce the "tolerances" 
that indicate the experimental uncertainties in the values of 
the transport properties of water substance. 

In view of these considerations, the 8th International 
Conference on the Properties of Steam, held in 1974, re
solved that the international formulation for the transport 
properties of water substance had become obsolete and that 
it should be replaced with a revised and updated formula
tion. A Special Committee, with J. Kestin as chairman, was 
created for the purpose of completing a new formulation for 
the viscosity and the thermal conductivity of water sub
stance. The Special Committee consisted of representatives 
from the Federal Republic of Germany, France, Japan, the 
United Kingdom, the USA, and the USSR. The names of the 
committee members are listed in Appendix IF. The Special 
Committee met in Schliersee, Germany, April 1975, in Otta-
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wa, Canada, September 1975, in Kyoto, Japan, September 
1976, in Providence, Rhode Island, USA, May 1977, and 
finally in Moscow, USSR, September 1977. Based on the 
recommendations of the Special Committee, lAPS issued a 
document entitled "Release on Dynamic Viscosity of Water 
Substance" in 1975 and a document entitled "Release on 
Thermal Conductivity of Water Substance" in 1977.MI 

The tables and equations for the transport properties 
contained in the releases issued in 1975 and 1977 were to be 
used in conjunction with the IFC 67 and IFC 68 formula
tions for the equation of state mentioned above. However, 
the 9th International Conference on the Properties of Steam, 
held in 1979, empowered the Executive Committee of lAPS 
to take steps to replace the IFC 1968 Formulation for the 
Thermodynamic Properties of Water Substance for Scienti
fic and General Use with a new formulation for the thermo
dynamic properties. As· a consequence of this decision, lAPS 
adopted in 1982 a new formulation, designated as the Provi
sional lAPS Formulation 1982 for the Thermodynamic 
Properties of Ordinary Water Substance for Scientific and 
General UseY For the sake of brevity, we shall refer to this 
new formulation for the thermodynamic properties as the 
lAPS 82 formulation. At the same time, lAPS issued amend-

ed releases for the transport properties of water substance so 
as to make the international formulations for the transport 
properties fully consistent with the new lAPS 82 formula
tion for the thermodynamic surface. 

The releases on the dynamic viscosity of water sub
stance have been discussed earlier in this journal.NI

,S2 It is 
the purpose of the present paper to give a complete descrip
tion of the new formulation for the thermal conductivity of 
water substance and to give an account of the information 
that led lAPS to adopt this new formulation. A verbatim 
copy of the Release on Thermal Conductivity of Water Sub
stance issued in 1977 and amended in 1982 is incorporated in 
this paper as Appendix I. 

2. Survey of Experimental Information 

2.1. General Comments 

Three major experimental methods have been used for 
measuring the thermal conductivity of water and steam: the 
hot-wire method, the concentric-cylinder method, and the 
parallel-plate method. In the hot-wire method, a platinum 
wire, located at the axis of a cylinder containing the fluid, is 

Table 1 . Primary experiment al data set (Int ernational Input) 

First Author Ref. Year Method 

Schmidt [53) 1932 conc. cyl. 
Timrot [Tl) 1935 hot wire 
Vargaftik [V2) 1935 hot wire 
Milverton [M2) 1935 hot wire 
Timrot [T2) 1939 hot wire 
Timrot [T3) 1940 hot wire 
Vargaftik [V3) 1946 hot wire 
Schmidt [54 ) 1955 conc. cyl. 
Challoner [Cl) 1956 par. plates 
Vargaftik [V4) 1956 hot wire 
Vargaftik [V4) 1956 conc. eyl. 
Vargaftik [V5) 1959 hot wire 
Vargaftik [V6) 1959 hot wire 
Lawson [L3) 1959 hot wire 
Vargaftik [V7) 1960 hot wire 
Vines [V8) 1960 conc. eyl. 
Tarzaminov [T4) 1962 hot wire 
Vukalowich [V9) 1963 conc. cyl. 
Keyes [K2) 1964 eonc. cyl. 
Vargaftik [VI0) 1964 hot wire 
Venart [Vll) 1965 conc . ey!. 
Brain [B3) 1967 cone. cyl. 
Cherneeva [C2) 1968 cone. eyl. 
Le Neindre [L4,L5) 1968 cone. cyl. 
Le Neindre [L6] 1968 cone . eyl. 
Ta r zimanov [T5) 1968 hot wire 
Mashirov [M3] 1968 hot wire 
Brain [B4) 1969 conc. cy1. 
Bach [Bl] 1970 interferometer 
Tarzimanov [T6) 1970 hot wire 
Le Neindre [L7) 1973 conc . eyl . 
Tarzimanov [T7) 1973 cone. eyl. 
Bury [B5] 1973 cone. eyl. 
Vargai tik [V1 2) 1973 hot wire 
Minamiyama [M4) 1974 cone. ey!. 
Rastorguyev [R2) 1974 cone . eyl. 
Sirota [55) 1974 par. plat es 
Castelli [C3) 1974 cone. eyl. 
Amirkhanov [AI) 1974 par. pla tes 
Takizawa [T8) i974 hot wire 
Minamiyama [H5,Yl) 1975 conc. ey!. 
Minamiyama [M6, Y2) 1976 cone. ey!. 
Tsederberg [T9] 1976 conc. eyl. 

a Hange rC5t-ricted by Special Commi ttee 

b Weight of 1% assigned in analysi s 
e 

Weight of 4!lo; assigned in analys is 

d Larger uncertainties in the critical region 

Region 

L 
G 
G 
G 
G 
L 
G 
L 
L 
G 
G 
G 
L 
L 
G 
G 
G 
G 
G 
G 
G 
G 
L 
L 
G 
L 
G 
G 
L 
G 

L&G 
G 
G 
G 
L 
L 

L&G 
L 
L 
L 
L 

L&G 
G 

Pressures Temperatures Evaluated uncertainty 
bar ·C % 

1- 74 9-269 3 
0.3 - 1 69 - 253 3 

1 99-477 3 
0 . 2-0.5 72-95 2 

20-152 256-396
a 

3 
1-392 28-331 3 

1 52-783 3 
1 20 - 84 2 
1 0-80 2b 
1 177-505 2 
1 231-442 2 

5- 343 350-724 3 
1-93 21-299

a 
2 

1-7845 30-1 30 3 
5-490 320-568 3 

1 270-560 3 
2-147 232-351 2 

98-490
a 

322-655 5 
1-207 139-380 3 

I 487-896 3 
1 134-201 3 
1 142-159 2 

lUO-1000 100-350
a 

4 
1-507 37-370 2 
1-1 25 llO-330 3 
29-983 29-155 2 
0.2-1 106-311 2 

1 142-604 2c 
1 20-90 2 

300- 650 501-551 2d 
1-507 339-515 2 

1-1000 166-500 2 
1-500 104-515 2 

1 157-725 2 
104-1009 38-200 2 
1-2010 -15 - 210 2d 
201-276 207-399 2 
10-1400 2-30 2 

1-2453 25 - 350 { 
1-487 0-100 2 
98-1471 31 - 200 2 
98 -1 470 104-420 2 
99-982 434-799 2 
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heated; the heating can be performed either in a steady state 
or in a transient mode of operation. In the concentric-cylin~ 
der method, the fluid is enclosed between two coaxial cylin-. 
ders with different temperatures located usually in a vertical 
position; during the experiments, heat flows from the inner 
cylinder radially toward the outer cylinder. In the parallel
plate methods, the fluid is contained between two horizontal 
plates heated from above. For a detailed description of these 
experimental methods, the reader is referred to articles by 
LeidenfrostLI and Ziebland.zl More recently, Grigijll and 
co-workers have determined the thermal conductivity of 
fluids, including water, by measuring the transient tempera- . 
ture distribution in the fluid with optical interferome
try.BI,B2 

There are a number of complications that limit the ac
curacy ofcxpcrimc;ntal thermal conductivity data. These in
clude convective and radiative heat transfer in the fluid, tem
perature jumps at the solid-fluid boundaries, parasitic heat 
transfer via heat leaks, contamination of the fluid or of the 
solid surfaces during the experiments, and deviations from 
the idealized temperature distribution assumed in the work
ing equations. A discussion of some of these factors, as they 
pertain to the measurements of the thermal conductivity of 
steam, was prepared for lAPS by LeidenfrostL2 and by Var
gaftik.v1 

,.. 

As a consequence of these difficulties,discrepancies 
between data from different sources are often found. Hence, 
as a first step, the Special Committee was faced with the task 
of judging the quality and reliability of the available experi~ 
mental information. This task led to the adoption of a pri
mary experimental d~ta set on the basis of which the new 
formulation for the thermal conductivity of water substance 
was developed. This primary experimental data set, referred 
to by the Special Committee as the "International Input," is 
presented in Table 1. This table contains the references of the 
data sources, the experimental methods by which the data 
were obtained, the regions (liquid region or gaseous region) 
as well as the ranges of pressures and temperatures of the 
data and the evaluated uncertainty assigned to the data. A 
complete listing of all experimental data of the International 
Input is contained in a report prepared by a group at the 
Technical University of Munich.56 In evaluating the experi
mental literature, the Committee has also benefited from a 
review prepared by Tarzimanov. no 

2.2. Thermal Conductivity of Water Vapor and of 
Steam at Low Pressures 

The experimental literature concerning the thermal 
conductivity of steam at low and moderate pressures has 
been reviewed by BrainB4 and by Vargaftik. VI In developing 
the first international formulation for the transport proper
ties of steam, the panel, elected for the purpose by the 6th 
International Conference on the Properties of Steam, had 
been confronted with a s.erious discrepancy that appeared to 
exist between the thermal conductivity data reported by 
Vargaftik and co-workers in the USSR on the one hand and 
the results found by Keyes and Sandell in the USA and by 
Geier and Schafer in Germany on the other hand. K1 The 
resolution of this problem has been discussed by BrainB4 and 

the Committee agreed with the conclusions reached by 
Brain. It acc~pted the extensive body of thermal conductiv
ity data for steam reported by Vargaftik and co-work
ers,TI,V2,V3,V4,VlO the data of Venart Vll and the data of 
Brain. B3,B4 The data of Keyes and VinesK2 supersede the 
data of Keyes and Sandell. K3 The Committee rejected the 
data of Geier and Schafer. G1 Additional evidence that the 
data of Geier and Schafer are too low was subsequently pro
vided by Zimina and Kunitsa.Z2 The measurements of 

Vines V8 at 270 and 560°C were retained, but it was realized 
later that his data point at 560 °C has an error of about 
4%.B4,Vl Baker and BrokawB6 measured the thermal con
ductivity of atmospheric steam between 380 and 525°C; 
their data are in satisfactory agreement with those ofVargaf
tik et aZ. The above-mentioned information for the thermal 
conductivity of steam at low pressures was supplemented 
with new experimental data subsequently obtained by Le 
Neindre and co_workers,B5,L6,L7 Tarzimanov et aI.,M3,T7 and 
Vargaftik et al.vl2 

Reliable information· concerning the thermal conduc
tivity of water vapor below 100°C is very limited. The major 
source of information is the work of Milverton published in 
1935. M2 In addition, Timrot and V argaftik Tl,V3 have report-

ed some data for water vapor between 69 and 100 °C while 
Fox et al. FI obtained some relative thermal conductivity val
ues for water vapor at 79 and 100°C. It is generally believed 
that the measurements of Milverton were influenced by tem
perature jump effects. However, because of the limited infor
mation for the pressure dependence of the thermal conduc
tivity of water vapor, the data of Mil vert on were retained in 
the International Input. In practice, we assigned an uncer
tainty of 2 % to the data of Milverton, but deleted 21 data 
points corresponding to pressures below 10 cm Hg, where 
the effect of a temperature jump is most severe. 

2.3. Thermal Conductivity of Steam at Elevated 
Pressures 

The thermal conductivity of steam at elevated pressures 
has been measured by Vargaftik and co_workers,T2,V5,V7 
Tarzimanov and co-workers, T4,T6,T7 Amirkhanov and co
workers, A2,A3,A4 Vukalowich and Cherneeva, V9 Keyes and 
Vines, K2 Venart, VII Le Neindre and co-workers, B5,L6,L7 Sir
ota and co_workers,85,57-514 Minamiyama and co-work
ers,M5,Y2 and Tsederberg and co-workers.T9 The earliest 
work of Vargaftik V13 gives thermal conductivity data at 
pressures up to 28 bar only. In the work of Timrot and Var
gaftik,T2 the thermal conductivity was: meaS:lln~d M pres:
sures up to 300 bar and at temperatures from 256 to 524°C; 
however, the data at the higher temperatures were judged to 
be less accurate and the Committee retained only the data 
below 400 0c. The experimental temperature and pressure 
range was subsequently extended by Vargaftik to 725 °CV5 

and to 500 bar.v7 Keyes and Vines K') measured the thermal 
conductivity of Rtearn from 140 to 3&0 "C at pres.s.ure~ up to 
200 bar. Venar1 V11 measured tht thermal conductivity of 
steam at temperatures up tn nbout 200 "C and pressures up to 
300 bar, although thf Cormnill~~t; retained in practice only 
four of Venart's dUll! POiill!\ HI tttmospheric pressure. The 
pane1 that prcpancd nw Ht'~t formulation had relied heavily 
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on the measurements of Amirkhanov and AdaIIiovA2 for the 
thermal conductivity of supercritical steam. Subsequent in
formation has indicated these data to be less reliable. The 
Committee retained only the more recent work 'of Amirk
hanov and co:.workers covering pressures up to 2500 bar but 
only for water at subcritical temperatures. Al The more re
cent data of Amirkhanov and co-workersA4 for steam up to 
2500 bar arrived too late to be included in the International 
Input. The data of Vukalowich and Cherneeva V9 were as
signed a somewhat larger uncertainty than those ofthe other 
investigators; they cover pressures up to 1500 bar and tem
peratures up to 655 DC, but it was decided to omit the data at 
pressures beyond 490 bar. The data ofTarzimanov and co~ 
workers T4,T6,T7 cover: pressures up to 1000 bar and tempera-
tures up to 550 DC, while those of Le Neindre and co-work
ersB5,L6,L 7 'cover pressures up to 500 bar and temperatures up 
to 515 DC. The Committee encountered difficulties in mak
ing an assessment of the thermal conductivity Qf steam at 
high pressures at temperatures above 500 DC. The data of 
Tarzimanovand co-workers up to 650 bar refer to tempera
tures below 550 DC and those up to 1000 bar to temperatures 
below 500 DC. The work of Minami yam a and YataM5,Y2 cov
ers pressures up to 1470 bar but temperatures below 420 DC. 
In 1977, the Committee received a set of data from Tseder
berg and co-workers T9 which covers pressures up to 980 bar 
and temperatures up to 800 DC. Although the Cdmmittee at 
that time had almost completed its work 'in developing a new 
thermal conductivity formulation, the absence of other reli
able data in this region of high pressures and temperatures 
made it desirable to add the data of Tsederberg et al. to the 
International Input. , 

In order to obtain a reliable formulation for the thermal 
conductivity, it was necessary to pay special attention to the 
behavior of the thermal conductivity in the critical region. 
When the first thermal conductivity formulation was con
sidered in the sixties, it had been established that the thermal 
conductivity of gases like carbon dioxide exhibits a critical 
enhancement in a large range of temperatures and densities 
around the critical point.M7,SI5,SI6 However, no comparable 
experimental information for a critical enhancement in the 
thermal conductivity of steam was at that time available. K 1 

That the thermal conductivity of steam does exhibit a critical 
enhancement of a magnitude similar to that observed for 
other fluids was first demonstrated by Le Neindre and co
workers. L7 The effect was investtgated subsequently in great 
detail and with considerable accuracy by Sirota and co
workers.87-8I4 With the aid of the new data supplied by Sir
uta et ui.,s':; the Cummittee was able to make an assessment 
of the divergent behavior of the thermal conductivity near 
the critical point. 

2.4. Thermal Conductivity of Water 

The thermal conductivity of water at atmospheric pres
sure or uudel- its own vapor pn::ssure at temperatures up to 
100 DC has been studied by many investigators over many 
years. The experimental literature on this subject prior to 
1958 has been discussed by Powell in a comprehensive re
view. PI Challoner and Powell made an accurate study of the 

thermal cQnductivity of water between 0 and 80 DC with a 
parallel-plate apparatus.CI The data of Challoner and 
Powell were judged to supersede most of the previous data in 
this temperature range. An apparent anomalous behavior of 
the thermal conductivity of liquid water between 35 and 
40 DC reported by FrontasevF2 was also shown to be spurious 
by Powell and Challoner.P2 Among the data reported prior 
to the work of Challoner and Powell, the Committee re
tained the measurements of Schmidt and Sellschopp,s3 of 
Schmidt and Leidenfrost,84 and of Tim rot and Vargaftik. T3 
A more recent comprehensive study of the thermal conduc
tivity of water between 20 and 90 DC was made by Bach and 
Grigull with the aid of optical interferometry.Bl Of special 
interest are the values of the thermal conductivity of liquid 
wat,er at 0 and 25 DC as possible reference values. The first 
international formulation assigned to the thermal conduc
tivity A- of water at 0 DC and 0.1 MPa the value A- = 0.569 
W m -I K - 1 and Takizawa et al.T8 have also reported a val
ueA- = 0.568 Wm- 1 K- I for water at 0 DC. However, Tarzi
manovTlO pointed out that the values assigned by the first 
formulation to the thermal conductivity of water at room 
temperatures and below are slightly too large. The work of 
Challoner and Powell indicates a lower value of A- = 0.561 
Wm- I K -1 for water at 0 Dc.C1,PI Also from recent work of 
JamiesonJl at the National Engineering Laboratory in the 
United Kingdom it is concluded that A = 0.561 
Wm- I K- I ± 0.5% for water at o DC, in good agreement 
with the results of Challoner and Powell. Fritz and PoltzF3 

made an accurate experimental measurement of the thermal 
conductivity of water at 25 DC and found A- = 0.608 
Wm- I K- I ± 0.5% at this temperature. Nevertheless, be
cause of the spread between data of different authors, the 
Committee was unable to agree on an absolute accuracy bet
ter than 1.5% for the thermal conductivity of water at these 
temperatures. 

The thermal conductivity of saturated water at tem
peratures above 100 DC has been investigated by Schmidt and 
Sellschopp,53 Vargaftik and Oleshchuk, V6 Le Neindre and 
co-workers,L5 and Rastorguyev et al.R2 Schmidt and Sell
schopp83 measured the thermal conductivity of saturated 
water at temperatures up to 269 DC; they were the first to 
note that the thermal conductivity of saturated water goes 
through a maximum at a temperature of about 130°C. Var
gaftik and Oleshchuk V6 measured the thermal conductivity 
at temperatures up to 350 DC, but the Committee retained 
only the data below 299°C. 

In an early study, Timrot and VargaftikT3 measured 
the thermal conductivity of water at pressures up to 392 bar 
and temperatures up to 331 DC. The measurements of Le 
Neindre and co-workersLS cover pressures up to 507 bar at 
temperatures up to 370°C and include data for water at the 
saturation boundary up to 240 DC. 

At the time that the first international formulation for 
the thermal conductivity of water substance was prepared, 
experimental information for the thermal conductivity of 
water at pressures beyond 500 bar was very limited. Bridg
manB7 had investigated the thermal conductivity of water at 
pressures up to 12000 bar at 30 and 75 DC in a pioneering 
study which is now mainly of historic interest. Lawson et 
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al.L3 had investigated the thermal conductivity of water at 
pressures up to 7845 bar at temperatures up to 130°C. 

A significant body of new experimental data has' be
come available since 1968. The thermal conductivity of wa
ter at elevated pressures has been investigated by a number 
of experimenters in the USSR.A1 ,C2,T5,R2 Cherneevac2 mea
sured the thermal conductivity of water and steam at pres
sures between 100 and 1000 bar and at temperatures up to 
700 DC, but the Committee considered only the data reported 
for liquid water at temperatures between 100 and 350°C. 
The meaSurements of Tarzimanov and Lozovo'iT5 cover 
pressures between 29 and 983 bar at temperatures up ,to 
155 DC. Rastorguyev and co-workersR2 have investigated 
the thermal conductivity of water at pressures up to 2010 bar 
in the temperature range from - 15 to 210 DC induding sat
urated water in this temperature range; these measurements 
supersede earlier work reported by Rastorguyev and Pu
gach.R3 The data of Amirkhanov and co-workersA1,A4 cQver 
pressures up to 2453 bar at temperatures up to 350 DC. In the 
USA, Castelli and StanleyC3 have reported thermal conduc
tivity measurements at pressures up to 1400 bar, but in the 
limited temperature range from 2 to 30 DC. The thermal con
ductivity of water at elevated pressures has also been investi
gated by two groups of researchers in Japan.M4-M6,T8,Yl,Y2 
The data of Takizawa et ala T8 refer to pressures up to 487 bar 
at temperatures between 0 and 100 dc. The measurement~ of 
Minamiyama and YataM4-M6,Yl,Y2 extend to pr~~sures up to 
1470 bar and temperatures up to 420 DC. Very recently, after 
the new international formulation had been' completed, 
Dietz et ala in Germany have reported experimental thermal 
conductivity data for water up to 3500 bar at temperatures 
up to 250 DC. Dl,D2 ' 

3. Description of International Formulation 

3.1. General Comments 

The Release on Thermal Conductivity of Water Sub
stance, reproduced in Appendix I, contains two recom
mended interpolating equations for the thermal conductiv
ity of fluid H20: a Recommended Interpolating Equation 
for Scientific Use and a Recommended Interpolating Equa
tion for Industrial Use. For the sake of brevity, we shall in 
the sequel refer to these recommended interpolating equa
tions simply as the "scientific" and the "industrial" thermal 
conductivity equation. The two interpolating equations dif
fer in the way they represent the enhancement ofthe thermal 

, conductivity of steam in the critical region. In the scientific 
thermal conductivity equation, the thermal conductivity di
verges towards an infinite value at the critical point as pre
dicted by the modern theory of dynamic critical phenomena 
and supported by experimental evidence.B8,s17 The indus
trial thermal conductivity equation yields a simplified ap
proximation of this enhancement effect with a finite value of 
the thermal conductivity at the critical point. 

In addition, the Release contains tables of the thermal 
conductivity of water substance at a uniform grid of pres
sures and temperatures and also of the thermal conductivity 
of the saturated vapor and the saturated liquid at integral 
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temperatures. Sp~cifically, three .sets of thermal conductiv
ity tables are presented: a set of tables with thermal conduc
tivity values calculated from the scientific thermal conduc
tivity equation (Tables 1.5 and 1.6 in Appendix I), a set of 
tables with thermal conductivity values calculated from the 
industrial equation (Tables 1.3 and 1.4 in Appendix I) and a 
set of tables with critically evaluated experimental data re
duced to a uniform grid (Tables 1.1 and 1.2 in Appendix I), to 
be referred to as Skeleton Tables for the thermal conductiv- ' 
ity. The Skeleton-Table values were deduced from the ex
perimental data by Scheffler, Rosner, and Grigull of the 
Technical University at Munichs18 with the aid of the same 
mathematical algorithm as was previously employed in the 
construction of a Skeleton Table for the viscosity of water 
substance~1,S2,819; a description of this algorithm can be 
found elsewhere.82o In addition. the Skeleton Tables give 
values for the tolerances oil, which constitute estimates of 
the accuracy with which the thermal conductivity is known 
and agreed upon by the Special Committee. 

It should be emphasized that all three sets of tables in 
fact represent critically evaluated experimental data reduced 
to a ,unjform grid and the tabulated values agree within the 
assigned tolerances oil. The difference is that the tables of 
calculated thermal conductivities contain smoothed values 
obtained by what one could call a global averaging proce
dure, while the Skeleton Table values are not smoothed, 
since they were obtained by a local averaging procedure. It is 
the opinion of the Committee that the quality of other possi
ble interpolating equations for the thermal conductivity of 
water substance should be judged on the extent to which 
such equations reproduce the original experimental data as 
contained in the International Input, supplemented with any 
new thermal conductivity data, and not on the extent to 
which they would reproduce the thermal conductivity val
ues listed in the Skeleton Tables. 

The new international formulation for the thermal con
ductivity of water substance has been endorsed by lAPS for a 
range of temperatures and pressures bounded by 

o DC<;T<;8oo DC. 
(3.1) 

o MPa<;P<; 100 MPa. 

3.2. Recommended Interpolating Equation for 
Scientific Use 

The scientific thermal conductivity equation is ex
pressed in terms of dimensionless variables for the tempera
ture T, the density p, and the pressure P. For this purpose, we 
introduce the reference constants 

T* = 647.27 K, p* = 317.763 kg/m3
, 

(3.2) 

and define a dimensionless temperature T, a dimensionless 
density p, and a dimensionless pressure P as 

- T p - P 
T=-, p=- P--

T* p*' - p*' 
(3.3) 

The temperatures in this paper are expressed in terms of the 
international practical temperature scale of 1968 (IPTS 68)13 
unless indicated otherwise. The reference constants T *, p* , 
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TABLE 2. Coefficients at for AiT) 

a~ = + 2.022 23 
a~ = + 14.11166 
a~ = + 5.255 97 
a~ = - 2.018 70 

P * are close to, but not identical with the critical parameters 
of steam. K4,L8 It should be noted that the di~ensionless var
iables defined by Eq. (3.3) are identical to the dimensionless 
variables employed in the recommended representative 
equations for the viscosity of water substance. S2 

The recommended interpolating equation for scientific 
use has the, form 

(3.4) 

The function Ao(T) represents the thermal conductivity in 
the dilute-gas limit and the function A I (1', ,0) is a~ enhance
ment fat,;tUI' whidl accounts fOl- the non-nal density and tem
perature dependence of the thermal conductivity at elevated 
pressures. The term A iT, ,0) represents an additional en
hancement observed in a region around the critical point. 
The function AiT) was determined by Aleksandrov and 
Matveev at the Moscow Power lnstitute,A5 the function 
A 1(1', ,0) by Watson at the National Engineering Eaboratory 
in the U.K., WI and the function AiI', ,0) by Basu and Sengers 
at the University of Maryland. B8 

The function Ao(T).is defined by 

A (1') = A *5 (3.5) 
o . 3 a~' 

L=k 
k=O T 

with 

A * = 1 W m- 1 K- 1
, (3.6) 

and with coefficients a~ given in Table 2. The function 
A iT, ,0) is defined by 

A1(T,,o) 

= exp [p .± .± b~ (2. - l)i (p - lY], 
/=OJ=O T 

(3.7) 

with coefficients b ~ given in Table 3. 
It is notcd that thc mathcmatical forms ofthc functions 

Air) and Al (1', p) are identical with the forms of the corre
sponding functions fliT) andfl I (1'; ,o) that define the interna-

tional equation for the viscosity fl of water substanceN 
I.S2 

Specifically, 

fliT} = p,*5, 
3 a~ 

L -k 
k=O T 

fllt,p) 

[ 
5 4 ( 1 )i 'J = exp P.L ,L b t =- - 1 (,0 - 1 Y , 

I=OJ=O T· 
with 

f..l* = 1 X 10-6 Pa·s, 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

and .. with coefficients a~ and b t given in Tables ~and 5. 
The critical enhancement contribution A,2{T,,o) is de

fined by 

with 

- _ C (1')2 A2(T,p) = -
ftort) Xft I Cf, ,o} ,0 

X (ap)2 tXT)O.4678(p)1/2 
iFfp 

xexp[ - 1~.66CT - lr~ - (15 - It], (3.12) 

C=3.7711xl0-8 Pa·sWm- 1 K- 1
• (3.13) 

The functions P,o(T) and p, I (1',,0) in Eq. (3.12) are those de
fined in Eqs. (3.9) and (3.10), while XT is a dimensionless 
symmetrized isothermal compressibility defined by 

- -(op) 
XT =p ap T' 

(3.14) 

An equation of state is needed, first to evaluate the de
rivatives (ap / aT)p and X T in Eq. (3.12), and second to con
vert pressures into densities, if one wants to calculate the 
thermal conductivity as a function of temperature and pres
sure; Equation (3.4), as well as Eq. (3.8), was originally for
mulated so as to be used in conjunction with the IFC 68 

. formulation for the thermodynamic properties of water sub
stanceY However, as mentioned in the introduction, the 
IFC 68 formulation has now been replaced with the Provi
sional lAPS Formulation 1982 for the Thermodynamic 
Properties of Ordinary Water Substance for Scientific and 
Gcneral USC.

12 This lAPS 82 formulation was developed by 
Haar, Gallagher, and Kell.HI •H2 In a previous paper, we 
demonstrated that Eq. (3.8) for the viscosity can be used in 

TABLE 3. Coefficients b j for At!"T.,o) 

j~ 
o 
I 
2 
3 
4 

o 

+ 1.329304 6 
- 0.404 524 37 
+ 0.244 094 90 
+0.018660 751 
- 0.129 61068 
+ 0.044 809 953 

+ 1.701 8363 
- 2.215 684 5 
+ 1.651 1057 
- 0.76736002 
+ 0.372 83344 
- 0.112 03160 

2 

+ 5.224 6158 
-10.124111 
+ 4.987 468 7 
- 0.272 976 94 
- 0.430 833 93 
+ 0.133 33849 

3 

+ 8.7127675 
- 9.5000611 
+ 4.378 6606 
- 0.91783782 

0.0 
0.0 

4 

- 1.8525999 
+ 0.934 046 90 

0.0 
0.0 
0.0 
0.0 
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TABLE 4. Coefficients aX for llo(T) 

ab = 0.018 158 3 
ct; = 0.0177624 
a';; = O.OlD 528 7 
a~ = - 0.003 674 ~ 

conjunction with the lAPS 82 formulation without loss of 
accuracy.S2 The same is true for the thermal.conductivity 
equation. In Table 6 we present the difference beween the 
valuesA82' calculated from Eq. (3.4) with the aid of the lAPS 
82 formulation, and the values A68 calculated fromEq. (3.4) 
with the aid of the IFC 68 formulation. Specifically, we list 
the relative difference (A82 - A68)/ t5A, where t5A is the toler
ance, at the pr~ssures and temperatures ,corresponding to the 
Skeleton Table values. It is seen that this relative difference is 
much smaller than unity at all pressures and tempetatures 
and we conclude that the two procedures lead to equivalent 
values for the thermal conductivity of water substance 
whose differences lie well within the accuracy agreed upon 
by lAPS. Accordingly, the Release on Thermal Conductiv
ity, as amended in 1982, recommends that the scientific ther
mal conductivity equation be used in conjunction with the 
lAPS 82 formulation for the thermodynamic properties. 

Table 1.5 in Appendix I gives the values for A calculated 
from the scientific thermal conductivity equation at a uni
form grid of pressures and temperatures. Table I.6 in 4ppen
dix I gives the values for A calculated from this equation for 
the liquid and the vapor at saturation. To obtain a uniform 
set of equations fOf the thermodynamic properties and trans
port properties of water substance, we found it convenient to 
express the lAPS 82 formulation in terms of the dimension
less variables defined by Eq. (3.3) as reported elsewhere in 
this journal. K4 The densities calculated from the lAPS 82 
formulation for the pressures and temperatures quoted i'Q. 
the thermal conductivity table are tabulated in Appendix II 
or Ref. S2. 

It was demonstrated in an earlier paper that a better fit 
to the available experimental viscosity data is obtained by 
selecting an alternative set of coefficients in Eq. (3.10) for the 
function III (7', pl. W2 Hence, an alternative procedure for cal
culating the thermal conductivity is obtained, if we substi
tute into'Eq. (3.12) the equation for Illt,p) proposed by 
Watson et al.Ks This alternative procedure is presented in 
Appendix II. 

The thermal condnctlvity of water ~nh~tance, calcll1at-

ed from'the recommended interpolating equation for scienti
fic use, is shown in Fig. I as a function of temperature along 
selected isobars and in Fig. 2 as a function of pressure along 
selected isotherms. The thermal conductivity exhibits a pro
nounced enhancement in the critical region. This pheno
menon is illustrated in more detail in Figs. 3 and 4 where the 
thermal conductivity in the critical region is shown as a func
tion of density at selected temperatures and pressures. The 
enhancement in the thermal conductivity near the critical 
point is related to the divergent behavior of the compressibil
ity XT' as given by Eq. (3.12). This relationship finds its ori
gin in the fact that the enhancement in the thermal conduc
tivity is a function of the correlation length which diverges at 

, the critical point and which in tum can be related to the 
isothermal compressibility, B8 as further discussed in Sec. 
4.3. Re1ating the critical enhancement of the thermal con
ductivity to the compressibility has the added advantage 
that the thermal conductivity becomes infinite at the same 
critical parameter values where the compressibility, thermal 
expansion coefficient, and specific heat also become infinite, 
thus ensuring consistency between the thermal conductivity 
and the ,thermodynamic properties near the critical point. 
this feature is important if one wants to calculate properties 
such as the Prandtl number and the thermal diffusivity 
which involve combinations of thermodynamic and trans
port properties, and also if one wants to use the thermal 
conductivity equation with other equations of state. This ad
vantage would be lost, if one were to represent the divergent 
critical enhancement function AAT, p} by an explicit func
tion of temperature and density as proposed by some other 
in vestigators. AS,A6 

A complication arises due to the fact that the lAPS 82 
formulation for the thermodynamic properties of water sub
stance ceases to be correct at temperatures and densities in 
the immediate vicinity of the critical point. Specifically, the 
range of validity of the lAPS 82 formulation does not include 
a region around the critical point where12 

(3.15) 

and where Tc andpc are the temperature and density of the 
critical point. 12,K6 There exists an international agreement 
that the critical point of steam is located within a region 
bounded byI4,K6 

647.04 K<Tc <647.24 K, 
(3.16) 

TABLE 5. Coefficients b t for III (T, p) 

i= 0 

j=O 0.501938 0.162888 
1 0.235622 0.789393 
2 - 0.274 637 - 0.743539 
3 0.145831 0.263 129 
4 -0.0270448 - 0.0253093 
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2 

- 0.130 356 0.907919 
0.673665 1.207 552 

- 0.959 456 - 0.687 343 
0.347247 0.213 486 

- 0.026 7758 .- 0.082 2904 
._- . __ .-._-_ ... _--_.-

4 

-0.551119 
0.0670665 

- 0.497 089 
0.100 754 
0.060 2253 

0.146543 
- 0.084 337 0 

0.195286 
- 0.032 932 
- 0.020 259 5 
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Table 6. Diffe:ence.between the thermal con~uctivity AB2 , calculated from the scientific 
equatIon WIth the lAPS 82 formulatIon, and the thermal conductivity A68' calculated 
from the scientific equation with the IFC 68 formulation, relative to the 
tolerance CA. Quantity listed (A8.2 - A6S) / CA 

~ 
TEMPERATURE, °c 

0 25 50 75 100 150 200 250 300 350 375 

0.1 0.00 -0.01 -0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.5 0.00 -0.01 -0.00 0.01 0.03 0.03 0.00 0.00 0.00 0.00 0.00 

1.0 0.00 -0.01 -0.01 0.01 0.03 0.03 0.00 0.00 0.00 0.00 0.00 

2.5 0.00 -0.01 -0.01 0.01 0.03 0.03 0.01 0.00 0.00 0.00 0.00 

5.0 0.00 -0.01 -0.00 0.01 0.02 0.02 0.00 -0.01 0.00 0.00 0.00 

7.5 0.00 -0.01 -0.00 0.01 o.o:.~ o.o:.:! -0.00 -0.01 -0.02 0.00 0.00 

10.0 0.01 -0.01 -0.00 0.00 0.01 0.01 -0.00 -0.01 0.02 0.00 0.01 

12.5 o.Ot -0.01 -0.00 0.00 0.01 0.01 -0.01 -0.02 0.01 0.00 0.01 

15.0 0.01 -0.01 -0.01 0.00 0.01 0.01 -0.01 -0.02 0.01 0.02 0.01 

17.5 0.01 -0."01 -0.01 0.00 0.01 0.00 -0.01 -0.02 0.01 0.10 0.06 

20.0 0.01 -0.01 0.01 (>.00 0.01 0.00 -0.01 -0.02 0.00 0.03 0.21.. 

ro 22.5 0.01 -0.00 -0.01 -0.00 0.00 -0.00 -0.02 -0.02 0.00 0.03 0.02 
0.. 25.0 0.01 -0.00 -0.01 -0.00 0.00 -0.00 -0.02 -0.02 -0.00 0.04 -0.08 
:::: 

27.5 0.01 -0.00 -0.01 -0.00 -0.00 -0.01 -0.02 -0.02 -0.01 0.04 -0.04 

~ 
30.0 0.00 -0.00 -0.01 -0.00 ':'0:00 -0.01 -0.02 -0.02 -0.01 0.04 -0.01 

AS.O 0.00 -0.00 -0.00 -0.0j, -0.00 -0.01 -0.02 -0.02 -0.01 0.04 0.03 
;:;l 40.0 -0.00 -0.00 -0.00 -0.01 -0.01 -0.02 -0.02 -0.02 -0.02 0.04 0.04 
en 
Cf.) 45.0 -0.00 -0.00 -0.00 -0.01 -0.01 -0.02 -0.03 -0.02 -0.02 0.03 0.05 
w 50.0 -0.01 -0.00 -0.00 -0.01 -0.01 -0.03 -0.03 -0.02 -0.02 0.01 0.02 
0::: 
0.. 55.0 -0.01 -0'.00 -O.OO"' -0.01 -0.01 -0.03 -0.03 -0.02 -0.02 0·.01 0.02 

60.0 -0.01 -0.01 ' -0.00 -0.01 -0.02 -0.03 -0.03 -0.02 -0.02 0.01 0.02 

65.0 -0.02 -0.01 -0.00 -0.01 -0.02 -0.04 -0.03 -0.02 -0.02 0.00 0.01 

. 70.0 -0.02 -0.01 -0.00, -0.·01 -0.02 -0.04 -0.04 -0.01 -0.01 0.00 0.01 

75.0 -0.02 -0.01. -0.00 -0.01 -0.02 -0.04 -0.04 -0.01 -0.01 0.00 0.01 

80.0 ,-0.02 -0.01 -0.00' -0.01 -0.03 -0.05 -0.04 -0.01 -0.01 -0.00 0.01 

85.0 -0.02 -0.01 -0.00 -0.01 -0.03 -0.05 -0.04 -0.01 -0.00 -0.00 0.00 

90.0 -0.02 -0.01 -0.00 -0.01 -0.03 -0.05 -0.04 -0.00 -0.00 -0.00 0.00 

95.0, -0.02 -0.02 -0.00 -0.01 -0.03 -0.05 -0.04 -0.00 0.00 -0.01 0.00 

100.0 -0.02 -0.02 -0.00 -0.02 -0.03 -0.06 -0.05 0.00 0.01 -0.01 -0.00 

~ 
TEMPERATURE, °c 

400 425 450 475 500 550 600 650 700 750 800 

0.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -O.()O 0.00 0.00 
1.0 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 0.00 0.00 
2.5 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0,00 -0,00 0.00 0.00 
5.0 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -o~OO -0.00 -0.00 -0.00 
7.5 0.00 0.00 -0.00 -i).oo -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 

10.0 0.00 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 
12.5 0.01 0.00 0.00 -0.00 -0.00 -0.00 ,-0.00 -O.O() -0.00 -0.00 -0.00 

ro 15.0 0.01 O.()() 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 
0.. 17.5 0.01 0.00 0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 
~ 20.0 0.04 0.01 0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 

" 2~.~ 0.09 0.01 0.00 0.00 0.00 0.01 -0.00 -0.00 -0.00 -0.01 -0.01 
i:.L:I 25.0 0.16 0.02 -0.00 -0.00 0.00 0.01 0.00 -0.00 -0.00 -0.01 -0.0:1. IX 
=:> 27.5 0.42 0.02 -0.01 -0.01 0.00 0.02 0.00 -0.00 -0.00 -0.01 -0.01 
en 
en 30.0 -0.07 0.05 -0.02 -0.02 -0.01 0.02 0.01 0.00 -0.00 -0.01 -0.01 

~ 35.0 -0.05 0.18 0.01 -0.04 -0.03 0.03 0.02 0.01 -0.00 -0.01 -0.01 
~ -40.0 -0.02 0.0::; 0.10 -0.02 -0.04 0.03 0.02 0.01 0.00 -0.00 -0.01 

45.0 0.01 0.03 0.06 0.03 -0.02 0.01 0.03 0.02 0.01 0.00 -0.01 
50.0 0.01 0.01 0.02 0.02 0.00 -0.0:1. 0.01 0.01 0.01 0.00 -0.00 
55.0 0.02 0.01 0.02 0.01 0.00 -0.02 0.01 0.02 0.01 0.01 0.00 
60.0 0.02 0.01 0.02 0.01 0.00 -0.02 0.00 0.02 0.02 0.01 0,00 
65.0 0.02 0.02 0.01 O.O~~ 0.00 -0.02 -0.00 0.01 0.02 0.01 0.01 
70.0 0.02 0.02 0.01 0.02 0.00 -0.02 -0.01- 0.01 0.02 0.02 0.01 
75.0 0.02 0.02 0.02 0.01 0.01 '-0.01 -0.01 0.01 0.02 0.02 0.02 
80.0 0.02 0.02 0.02 0.01 0.01 -0.00 -0.0J. O.Oj, 0.02 0.02 0.02 
85.0 0.01 0.02 0.02 O.Ol O.Ol 0.00 -0.01 0.00 0.02 0.02 0.02 
90.0 0,01 0.02 0.02 0.01 0.01 0.00 -0.01 -0.00 0.02 0.02 0.02 
95.0 0.01 0.02 0.02 0.01 0.()1 0.00 -0.01 -0.00 0.01 0.02 0.02 

100.0 0.01 0.01 0.02 0.01 0.01 -0.00 -0.02 -0.01 0.01 0.02 0.03 
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FIG. 1. Thermal conductivity, calculated from Eq. (3.4), as a function of 
temperature at selected pressures. 

Hence, the thermal conductivity isotherm at 648 K, dis
played in Fig. 3, is at the edge of the range of validity of the 
lAPS 82 formulation near the critical point A' procedure for 
calculating the thermal conductivity and related properties 
in the immediate vicinity of the critical point is presented In 
Appendix III. . 

3.3. Recommended 'Interpolating Equation for 
Industrial Use 

For industrial applications, the thermodynamic prop
erties of water substance are often calculated from the IFC 
67 Formulation for Industrial Use. Ml However, the IFC 67 
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FIG. 2. The.rmru oonduotivity, calcula.ted from Bq. (3.4), as a function of 
pressure at selected temperatures. 
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TABLE 7. Coefficients ak for it ~ (1') 

ap = 0.010 281 1 
a; = 0.029 962 1 
a~ = 0.01~ 6146 
a; = - 0.004 224 64 

formulation does not yield a smooth representation of the 
derivatives of the equation of state such ,as (ap I aT)p and 
XT = p(aplap)T.B9

,S21 As a consequence, Eq. (3.4), and spe
cifically Eq. (3.12) for AiT, p), cannot be combined with the 
IFC 67 formulation for industrial use. For this reason, the 
Special Committee also proposed a second· interpolating 
equation to be employed specifically in conjunction with the 
IFC 67 formulation. In this industrial thermal conductivity 
equation, the thermal conductivity in the critical region is 
not related to the compressibility and the thermal conductiv
ity remains finite at the critical point: The industrial thermal 
conductivity equation was developed by Yala amI Mina
miyama at the Kyoto Institute of Technology. Y3 

The recommended interpolating equation for industrial, 
use has the form 

A = A h(T')+A ; (p') +A ~(T',p '). (3.17) 

.The industrial equation is expressed in terms of a dimension-
less temperature T' and density p" , 

T'=~ 
T*' , 

(3.18) 

where the reference constants T * ' and p* ' are close to, but 
not identical to the reference constants T * and p* defined in 
Eq. (3.2). Instead 

T* ' = 647.3 K, p*' = 317.7 kg/m3. (3.19) 

The function A h(T') in Eq. (3.17) represents the thermal 
conductivity in the dilute-gas limit. The difference 
A - A h(T'), designated as the excess thermal conductivity, 
is in the engineering literature often approximated by a tem
perature-independent function of density.s22,Tll This ap
proximation becomes inadequate in the critical region and in 
the liquid region. S23 The function A 1 (p ') in Eq. (3.17) repre
sents the temperature-independent part of the excess ther
mal, conductivity and A ~ (T', p ') the residual temperature
dependent part of the excess thermal conductivity in the 
critical region and in the liquid region. Y3 The function 
A 0 (T') is defined by 

3 

A Mr') = A * ~T' L a"Ct,)k (3.20) 
k=O 

with 

(3.21) 

TABLE 8. Coefficients b; and B; for it i ( p ') 
... ,================= 
Ii" = - 0.397 070 
t.l .~'" 0.400 302 
b1 "x 1.060 000 

B\ = - 0.171587 
B2 = 2.392 190 

TABLE 9. Coefficients d j and C j for it; (1", p ') 

d; = 0.0701309 
d2 = 0.0118520 
d3 = 0.001 699 37 
d4 = -1.0200 

C1 = 0.642 857 
C2 = - 4.117 17 
C3 = - 6.179 37 
C4 = 0.003 089 76 
C5 = 0.082 299 4 
C6 = 10.0932 

and with coefficients a" given in Table 7. The function 
A ; (p ') is defined by 

A i (p ') = A * { bo + b 1 P , 
(3.22) 

with coefficients bi and B; given in Table 8. The function 
A ~ (T " p ') is defined by 

A i(T',p') 

= A'" {C;')10 + d2) (;5 ')l.8 exp [C1 (1 - (p 'f8)] 

, + d,S (.0 ')Q exp [e 2Q} [1- (.0 ')' +Ql] 

+ d4 exp [CiT')" + 1~!)5ll. (3.23) 

Here Q and S are functions of 

~T'=IT'-11+C4' 
such that 

Q=2+ C5 

(~1',)o.6' 

[

_1_ for T'.>1, 
~-' 

S= T 
C6 for 1" < 1. 

(~T')O.6 

(3.23a) 

(3.23b) 

(3.23c) 

The coefficients d i and Ci in Eq. (3.23) are given in Table 9. 
Table 13 in Appendix I gives the values for A calculated 

from the industrial thermal conductivity equation at a uni
form grid of pressures and temperatures. Table 1.4 in Appen
dix I gives the values for A calculated from this equation for 
the liquid and the vapor at saturation. The thermal conduc
tivity as calculated from the industrial eqnation is shown in 

Fig. 5 as a function of temperature along selected isobars and 
in Fig. 6 as a function of pressure along selected isotherms. 
These figures are to be compared with the corresponding 
Figs. 1 and 2 for the scientific thermal conductivity equa
tion. 

The industrial thermal conductivity equation differs 
from the scientific equation in the representation of the ther
mal conductivity in the critical region. In Figs. 7 and 8 we 
show the behavior of the thermal conductivity in the critical 
region as calculated from the industrial equation. Compari
son with Figs. 3 and 4 indicates that the industrial equation 
does not follow the steep rise in the thermal conductivity in 
the vicinity of the critical point predicted by the scientific 
thermal conductivity equation. In the industrial equation, 
the thermal conductivity does not become infinite at the 

J. Phys. Chem. Ref. Data, Vol. 13, No.3, 1984 
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FIG. 5. Thermal conductivity. calculated from Eq. (3.17), as a function of 
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critical point but reaches a finite value of 0.836 W m -1 K - J. 

In Table 10 we show the differences between the ther
mal conductivity values Aind' calculated from the industrial 
equation, and the thermal conductivity values Asci' calculat
ed from the scientific equation, at a uniform grid of pressures 
and temperatures. Specifically, we list the percentage differ
ences in (Aind - Asci)l Asci' Significant differences appear in 
the supercritical region ,at temperatures up to 425 °C and 
pressures between 22.5 and 27.5 MPa and also in the region 
of high temperatures and high pressures, i.e., at tempera
tures above ~OO "c and pressures above 4:; MPa. In the latter 
region, the differences increase up to 8%. The primary 
source of experimental information for steam at high pres-
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FIG. 6. Thermal conductivity, calculated from Eq. (3.17), as a function of 
pressure at selected temperatures. 
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Table 10. Percentage difference between the thermal conductivity Aind' calculated from the equation 
for industrial use, and the thermal conductivity A~ci calculated from the equation, for 
scientific use. Quantity listed: 100 x C\:nd-Asci)/Asci 
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sures and temperatures is prcvided by the work of Tseder
berg et al.T9 As mentioned in Sec. 2.3, the Committee did not 
receive the data ofTsederberg et al. until 1977, at which time 
the formulation of the industrial thermal conductivity had 
alreadybeen completed. However, the data ofTsederberg et 
al. were taken into account in the determination of the coeffi
cients in the scientific thermal conductivity equation. 
Hence, the industrial conductivity. equation 'is less reliable 
than the scientific thermal conductivity equation in the re-
gion of high temperatures and high pressures. ' 

The IFC 67 formulation, as well as the IFC 68 formula
tion, is based on the International Practical Temperature 
Scale of 1948 (IPTS 48) and not on IPTS 68. Strictly speak
ing, therefore, the thermal conductivity equation for indus
trial use yields thermal conductivity values in terms of IPTS 
48. Except for the immediate vicinity ofthe critical point, the 
maximum error in A due to conversion from IPTS 48 to 
IPTS 68 is approximately 0.1 % and, hence, negligibly small 
compared to the accuracy of the experimental thermal con
ductivity data. 

As noted in the Release, an alternative thermal conduc
tivity equation for industrial use has been proposed by Wat
son.W3 This alternative industrial equation for the thermal 
conductivity is presented in Appendix IV. 

4. Discus'sion of International Thermal 
Conductivity Equations 

4.1. Comparison with International Input 

In Tables 11 and 12 we present a comparison between 
the thermal conductivity as calculated from the interna
tional equations and the experimental data contained in the 
International Input. For each source of N experimental data 
points, we give the average percentage deviation 

N 

(100/ N) 2: (A i.exp - A i,calc )I Ai,calc' 
i=1 

the mean percentage deviation 
N 

(looIN) L IAi,exp - Ai,calc IAi,calc, 
" i=1 

and the root-mean-square percentage deviation 

loox [~ itl (Aj,exp -Ai,calc)2IA 7.calc f/2. 
In addition, we give the number n of data points exceeding 
stated multiples of their evaluated uncertainty. For these 
uncertainties; we used the error estimates assigned by the 
Committee as given in Table 1 with the following exceptions. 
For the data of Challoner and Powell, Cl we reduced the 

Table 11. Comparison of thermal conductivityequa:tion for scientific use with International Input 

First Author I Ref. No. of ,Points Av. % Dev. Mean % Dev. r.m.s % Dev. II't. % , n > 10 n > 20 n > 30 

Schmidt [53] 24 0.10 0.36 0.45 3.0 0 0 0 
Timrot [Tl.l 10 -2.03 2.03 2.20 3.0 0 0 0 
Val'gaftik [V2] , 19 -0.85 1.62 1.96 3.0 1 0 0 
Mi1verton [M2] 56 1.48 1.48 1.52 2.0 0 0 0 
Timrot [T2] 11 -1. 41 2.50 2.98 3.0 3 0 0 
Timl'ot LT3J 16 -0.29 1.57 2.31 3.0 3 1 0 
Val'gaftik [V3) 7 -1.39 2.08 2.79 3.0 1 0 () 

Schmidt [54] 8 -0.35 0.50 0.53 2.0 0 0 0 
Cha110ner [e1] 5 0.40 0.40 0.50 1.0 0 0 0 
Vargaftik [V4] 9 0.45 2.00 2.17 2.0 1 0 0 
Varga£tik [V::;J 61 1.89 2 .. !:;O 2.90 3.0 12 0 0 
Vargaftik [V6] 30 -0.90 1.01 1.32 2.0 5 0 0 
Lawson [L3] 35 -0.73 1.35 1.88 3.0 1 0 0 
Vargaftik [V7] 41 1.30 2.02 2.30 3.0 4 0 0 
Vines [V8] 2 -1.93 2.34 3.04 3.0 1 0 0 
Tarzimanov (T4] 33 1.54 3.25 3.89 ':1.0 1'; 1 0 
Vuka10wich [V9] 39 -0.55 2.33 3.02 5.0 5 0 0 
Keyes [K2] 50 -1.25 2.65 3.18 3.0 7 0 0 
Vargaftik [V10] 21 -0.02 1.22 1.38 3.0 0 0 0 
Venart [Vll] 4 -1.58 2.20 2.63 3.0 0 0 0 
Brain [B3] 3 -0.69 1.01 1.11 2.0 0 0 0 
Cherneeva [ez) 00 U.ll U.7!:l 0.94 4.0 0 0 0 
Le Neindre [L5] 226 -0.20 0.69 0.86 2.0 6 0 0 
Le Neindre [L6] 65 -1.07 1. 70 2.29 3.0 7 0 0 
Tarzimanov [T5] 19 -0.15 0.69 0.83 2.0 0 0 0 
Mashirov [M3] 14 -0.03 0.36 0.42 2.0 0 0 0 
Brain [B4] 36 -0.73 1.84 2.08 2.0 S 0 0 
Bach [B1] 374 0.07 0.61 0.76 4.0 0 0 0 
Tarzimanov [T6] 8 1.48 2.04 2.44 2.0 5 0 0 
Le Neindre [L7] 98 -0.83 2.69 3.07 2.0 28 0 0 
Tarzimanov [T7] 86 0.06 2.41 2.94 2.0 28 6 0 
Bury [B5] 102 -1.94 2.56 3.07 7.0 47 0 0 
Vargaftik [VI2] 11 0.29 0.94 1.10 2.0 0 0 0 
Minamiyama [M4] 45 0.53 0.60 0.84 2.0 2 0 0 
Rastorguyev {R2] 442 O.ll 0.56 0.70 2.0 1 0 0 
Sirota [55] 214 -1.31 2.30 3.07 2.0 18 0 0 
Castelli [C3] 48 -0.93 0.93 1.04 2.0 0 0 0 
AI1Iirl<nanov [AI] 695 0.77 1.14 1.36 4.0 0 0 0 
Takizawa [T8] 29 1.23 1.28 1.40 2.0 3 0 0 
Minamiyama [MS] 180 0.01 0.57 0.77 2.0 4 0 0 
Minamiyama [M6] 241 -0.19 0.70 0.88 2.0 4 0 0 
Tsederberg [T9] 146 0.19 2.13 2.55 2.0 54 7 0 
---

Overall. resul ts : 3623 0.01 1.25 1.78 266 IS 0 

J. Phys. Chern. Ref. Data. Vol. 13. No.3. 1984 



EOUATIONS FOR THE THERMAL CONDUCTIVITY OF WATER SUBSTANCE 907 

Table 12. Comparison of thermal conductivity equation for industria'l use with International Input 

First Author Ref. No. of Points Av. % Dev. Mean % Dev. r.m.s % Dev. Wt. % n > 10 n > 20 n> 30 

Schmidt [53] 24 0.18 
Timrot [T1] 10 -1. 75 
Vargaftik [V2] 19 -0.76 
Milverton [M2] 56 1.39 
Timrot (T2] 11 0.09 
Timrot [T3] 16 -0.15 
Vargaftik [V3] 7 -1.24 
Schmidt [54] 8 -0.06 
Challoner [Cl] 5 0.60 
Vargaftik [V4] 9 0.43 
Vargaftik [V5] 61 3.47 
Vargaftik [V6] 30 -0.68 
Lawson [L3] 35 0.4'0 
Vargaftik [V7] 41 1.83 
Vines [V8,] 2 -2.02 
Tarzimanov [T4] 33 1.09 
Vukalowich [V9] 39 0.78 
Keyes' [K2] 50 -0.27 
vargafUl< [VI0] 21, -0.21 

Venart [Vll] 4 -1.43 
Brain [B3] 3 -0.44 
Cherneeva [C2] 60 0.'61 
Le ,Neindre [L5] 226 0.02 
Lc NcindrQ [L6] (,!; -0.2>1 
Tar z imanov [T5] 19 -0.38 
Mashirov [M3] 14 -0.02 
Brain [B4] 36 ' -0.81 
Bach [B1] 374 0.40 
Tarzinianov [T6] 8 0.13 
Le Neindre [L7] 98 1. 24 
Tarzimanov [T7] 86 -0.47 
Bury [B5] 102 -1.25 
Vargaftik [VI2] 11 0/24 
Minamiyama [M4] 45 0.72 
Rastorguyev [R2] 442 0.31 
Sirota' [S5] 214 0.34 
Castelli [C3] 48 -1'.61 
Amirkhanov [AI] 695 1 ~ 97 
Takizawa [T8] 29 1.26 
Minamiyama [H5] 180 0.42 
Minamiyama [M6] 241 0.53 
Tsederberg [T9] 146 1. 71 

Overall resul ts : 3623 0.68 

error estimate from 2% to 1 % in view of our assessment of 
the most probable value of the thermal conductivity of satu
rated water as discussed in Sec. 2.4. For the data of Bach and 
GrigullB1 and of Amirkhanov et al.,Al we increased the er
ror estimates from 2% to 4% to compensate for the large 
number of data points ,of these authors. A comparison 
between the equations and the experimental data near the 
critical point is presented in Sec. 4.3. 

From the information in Table 11, we conclude that the 
scientific thermal conductivity equation yields a satisfactory 
representation of the experimental data. Most deviations are 
within one standard deviation and almost all deviations are 
within two standard deviations., Exceptions are some data 
points of Tarzimanov and Zainullin T7 and of Tsederberg et 
al.T9 at high pressures and temperatures. 

Table 12 gives the corresponding information for the 
industrial equation. Comparison of Tables 11 and 12 shows 
that the scientific thermal conductivity equation is in closer 
agreement with the experimental data than the industrial 
thermal conductivity equation. In particular, the industrial 
equation does not agree with the data of Tsederberg et 01. T9 

at high temperatures and high pressures as explained in Sec. 
l3. 

0.52 0.62 3.0 0 0 0 
1. 75 1.82 3.0 0 0 0 
1.52 1. 76 3.0 0 0 0 
1.39 1.54 2.0 0 0 0 
2.20 2.55 3.0 0 0 0 
1.50 2.09 3.0 2 0 0 
1.96 2.49 3.0 1 0 0 
0.43 0.52 2.0 0 '0 '0 
0.66 0.72 1.0 0 0 0 
1.89 2.09 2.0 1 0 0 
3.96 4.28 3.0 33 1 0 
0.84 1.08 2.0 2 0 0 
1.29 1.66 3.0 1 0 0 
2.16 2.51 3.0 10 0 0 
2.19 2.98 3.0 1 0 0 
1. 79 2.23 2.0 5 0 0 
2.44, 3.13 5.0 4 0 0 
1.87 2.56 3.0 6 0 0 
1.22 1.36 3.0 0 0 0 
1.93 2.39 3.0 0 0 0 
0.97 0.99 2.0 0 0 0 
0.73 0.95' 4.0 0 0 0 
0.72 1.05 2.0 18 1 0 

' 0.6:2 0.89 3.0 0 0 0 
0.84 0.98 2.0 1 0 0 
0.82 0.93 2.0 0 0 0 
1.95 2.20 2.0 f- 0 0 
0:61 0.77 4.0 0 0 0 
2.14 2.54 2.0 3 1 0 
3.41 4.24 2.0 45 1 0 
2.34 3.32 2.0 27 7 0 
1.90 2.34 2.0 26 0 0 
0.95 1.12 2.0 0 0 0 
0.74 0.92 2.0 1 0 0 
0.67 0.86 2.0 3 0, 0 
2.98 3.92 2.0 62 3 0 
1.61 1. 70 2.0 10 0 0 
2.37 3.03 4.0 89 0 0 
1.30 1.39 2.0 3 0 0 
0.60 0.68. 2.0 0 0 0 
0.69 1.00 2.0 10 1 0 
3.18 3.72 2.0 95 29 7 

1.58 2.33 - 465 44 7 

There are two regions where one can make some con
tact with theoretical considerations. These regions are the 
dilute-gas limit and the neighborhood of the critical point. 
We, therefore, discuss the behavior of the thermal conduc
tivity in these regions in some further detail. 

4.2. Thermal Conductivity of Gaseous H20 at Low 
Pressures 

In Fig. 9 we compare experimental thermal conductiv
ity data for water vapor and steam at pressures up to 1 atm 
with the values calculated from the scientific thermal con
ductivity equation. The figure shows that there exists a con
siderable spread between the experimental data in the litera
ture. Furthermore, the differences between successive 
measurements of the same laboratoriesB5.L6.L7.T1.V2-V4.VlO.V12 

are of the same order of magnitude as between measure
ments from different laboratories. The equation represents 
the data as a function of temperature without any apparent 
systematic deviations. A corresponding deviation plot for 
the industrial thermal conductivity equation can be found in 
the article of Yata and Minamiyama. Y3 

At sufficiently low pressures, the thermal conductivity 
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FIG. 9. Deviations of the experimental thennal conductivity data for water vapor and steam at pressures up to 1 atm 
from Eq. (3.4). ' 

of gases becomes independent of 4ensity and the tempera
ture dependence of the thermal conductivity in this dilute
gas limit is represented by the fUI'lction Ao(T) in Eq. (3.4) or 
A~(T'l in Eq. (3~171. However, in extracting this dilute-gas 
behavior of the thermal conductivity from the experimental 
data, one should be aware of the fact that experimental ther
mal conductivity data obtained at atmospheric pressure can 
only be identified with the limiting low density values at 
temperatures above 300 DC. At temperatures below 300 DC, 
corrections for nonidealitybecome important and the den
sity dependence of the thermal conduc't~vity at sub~tmos
pheric pressures needs to be considered. From Fig. 9, we 
conclude that the function AiT), as given by Eq. (3.5)~ repre
sents the ideal-gas thermal conductivity up to a temperature 
of 1000 DC. 

In Fig. 10 we compare the ideal-gas thermal conductiv
ity A 0(1') implied by the industrial equation, with the ideal
gas thermal conductivity AoCT) implied by the scientific 
equation. At high temperatures, the agreement between the 
two functions is excellent: at temperatures above 300 DC, the 
differences are everywhere within 0.4%. At· temperatures 
below 300 DC, the differences ,are slightly larger leading to 
+ 1.5% at 100 DC and 3.2% at 0 DC. It should be noted 

that there exists some uncertainty concerning the thermal 
conductivity of water vapor at temperatures below 80 DC. 
The measurements of Mil vert on correspond to'temperatures 
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3 
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- -,- equation for industrial use 

-- equation for scientific use 
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FIG. 10. Difference between the ideal-gas thermal conductivity A o(T}, cal
culated from Eq. (3.17), and the ideal-gas thennaJ conducttvtty 
Ao(T) calculated from Eq. {3.4). 
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between 72 and 95 Dc.M2 The measurements of Timrot and 
Vargaftik TI include a data point at 69 DC and 0.29 bar and a 
data point at 73.4 DC and 0.34 bar. Vargaftik and Olesh
chukv3 have also reported a data point at 52.2 °c and 0.12 
bar. The International Input does not contain any thermal 
conductivity data for water vapor at temperatures below 
50°C, nor does it contain adequate information to determine 
the density dependence of the thermal conductivity of water 
vapor at temperatures between 50 and 70 DC. More recently, 
Clifford and ToughC4 made an experimental study of the 
thermal conductivity of water vapor at temperatures 
between 11 and 212 DC and at pressures between 5 and 10 
mm Hg with an estimated accuracy of about ± 1.5%. The 
new data of Clifford and Tough are included in Fig. 9; the 
scientific thermal conductivity equation reproduces these 
data with a maximum deviation of 1.8% at 50°C. ' 

Attempts to predict the dilute-gas thermal conductivity 
for H20 from the kinetic theory of gases have been made by 
Baker and Brokaw, H6 O'Connell and Prausnitz,Ol and 
Thoen-Hellemans and Mason.TI2 A theoretical analysis of 
the thermal conductivity of polar gases like H20 is compli
cated by the effects of inelastic collisions and resonant ex
change of rotational energy.Tll Baker and Brokaw tried to 
assess the importance of the la~ter effect of H20 and D20, 
but were unable to reach a definite conclusion. B6 O'Connell 
and Prausnitz calculated the thermal conductivity of gase
ous H20 assuming a Kihara-Stockmayer intermolecular po- . 
tential model and obtained agreement with the dilute-gas 
thermal conductivity values of the 1964 Skeleton Tables at 
higher temperatures to within the stated tolerances.Ol The 
application of the kinetic theory of gases to gaseous H20 was 
further considered by Thoen-Hellemans and Mason to in
vestigate the consistency of the thermal conductivity data 
for stearn against the more accurate viscosity data. TI2 They 
concluded thatthe dilute-gas viscosity and thermal-conduc
tivity values of the ·196-1 Skeleton Tables were theoretically 
consistent within the stated tolerances of these table values. 
However, they also suspected that the thermal conductivity 
values of the 1964 Skeleton Tables were low by a few percent 
and concluded that none of the values were too high. The 
new international formulation for the viscosity of water sub
stanceS2 agrees with the dilute-gas viscosity values of the 
1964 Skeleton Tables to wen within 1 % at all temperatures 
above 125°c' However, contrary to the suggestion of 
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Thoen~Hellemans and Mason, the new Eqs. (3.5) and (3.20) 
adopted for the dilute-gas thermal conductivity lead to val
ues between 425 and 700°C that are some 0.5% and 1% 
lower than the 1964 Skeleton Table values and it appears 
that the thermal conductivity 'of steam even at low pressures 
is not fully understood theoretically. 

The initial density dependence:; of the thermal conduc
tivity in the gaseous phase at low pressures can be represent
ed by 

A =Ao(T) +B,dT)p, (4.1) 

where 

BA = lim (aA,) . 
p--+D ap T 

(4.2) 

We refer to BAas the second virial coefficient of thermal 
conductivity. Theory predicts that the first derivative Eq. 

(4.2) exists but that higher-order derivatives diverge in the 
zero-density limit. K7 The coefficient B J" , as well' as the corre
sponding second virial coefficient of viscosity Bp., has been 
investigated as a function of temperature for a number of 
fluids. H3,H4 

Equation (3.4) implies that the second virial coefficient 
of thermal conductivity B A can be represented by 

(4.3) 

where p* = 317.763 kg/m3 is the reference density intro-
duced in Eq. (3.2) and where ' 

5 

b 1 = I ( - 1 yb j. (4.4) 
j=O 

The coefficient B A , calculated from Eq. (4.3), is shown in Fig. 
11 as a function of temperature. Below 100°C we show the 
curve as a broken line; as mentioned previously at these tem
peratures sufficient experimental information does not exist 
to determine the value of B A with confidence. The behavior 
of BAas a function of temperature differs appreciably from 
the behavior of the second virial coefficient of viscosity B p. 

for gaseous H20. The coefficient Bp. for water vapor be
comes negative at low temperatures W2; the coefficient B J" 
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l'1G.l1. Second virial coefficient of the thermal conductivity B,dT) as a 

function oftemperatures as derived from Eq. (3.4). 

remams positive in the temperature range under considera
tion. 

I In Eq. (3.17), it is assumed that the excess thermal con-
ductivity A - A b (1' ') is independent of the temperature in 
the gaseous phase at low pressures. Hence the industrial 
thermal conductivity equation cannot accommodate a sec
ond virial coefficient of thermal conductivi~y that depends 
on temperature and it approximates BAby a constant, 

A * [ b I + 2b2B I exp(B IB ~ ) ] I p*' 

= 0.831 X 10-3 W m2 kg- 1 K- 1• 

4.3. Thermal Conductivity of Steam in the Critical 
Region 

In order to represent the behavior of the thermal con
ductivity of fluids in the critical region, it is customary to 

separate}" into the sum of a normal or ideal thermal conduc
tivity Aid which would exist in the absence of any critical
region effect, and a critical enhancement term LlA SI7,S24-S26 

A (T, p) Aid (T, p) + L1A (T, p). (4.5) 

This representation corresponds to the separation of Eq. 
(3.4) into the sum of AoXAl and ..1.2 , 

The theory of dynamic critical phenomena predicts 
that the critical part of the thermal diffusivity A I pCp, where 
c p is the specific heat at constant pressure, close to the criti
cal point satisfies a Stokes-Einstein diffusion law of the 
formH5.K8 

LlA kBT 
_c = A -- (4.6) 
pcp 61Tf.LS 

Here k B is Boltzmann's constant, S the correlation length 
associated with the critical fluctuations, and A is a coeffi
cient of the order of unity. Since near the critical point 

pCp ~p(cp - cv ) 

= (P*IT*)(f Ip2)(ap la1')~XTl 

it follows from Eq. (4.6) that near the critical point the criti
cal enhancement contribution will diverge as 

_ AkB p* (1')2 (ap)2 XT .JAc- - - -. 
61TJ.l P iFf p s (4.7) 

At. the critical density p = Pc, the symmetrized compress~ 
ibility X T diverges as r [( T - Tc )fTc] - r and the correlation 
length S diverges as So[(T - Te )ITe] - v, where r and v are 
universal critical exponents and r and So system-dependent 
amplitudes.827 Hence, atp =Pc, sis related to the symme
trized compressibility X T by 

(4.8) 

This relationship between S and X T also holds to a good 
approximation at densities other than the critical density. 827 

Substitution ofEq. (4.8) into Eq. (4.7) yields 

.JAc = B--=-. ~ XT(r-v)/r. Ak p*r v1r 
(-T)2 (aiii )2 

61Tf.-LSo paT p 

(4.9) 

Equation (4.9) for LlAc refers to the asymptotic behavior of 
LlA near the critical point. Far away from the critical point, 
the critical enhancement contribution should vanish. Ac
cordingly, we have proposed an equation for the critical en-
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hancement contribution of the formB8,BlO,H6,S26 

AA =AAcF(~TAp), .(4.10) 0.7 

where F (~ TAp) is a crossover function such that 

_ lim F(LlTAp) = 1, 
1.:3 T 1->0, l.:3pl-o 

(4.11) 

0.6 

_ lim F(ATA,o) = 0 
I.:3TI--#oo,l.::1pl-.+oo 

0.5 

in terms of the variables 

LlT==- (T- Tc)lTc~T-I 

and 

ilp = {p - Pc)lpc-::::ip ,- 1. 
0.3 

For steam, Basu and Sengers selected as the crossover func-
tionB8 ' 

F(~T,~p) = JP exp[ - 18.66(~T)2 - (Ap)4]. (~.12) 0.2 

If we substitute Eqs. (4.9) and (4.12) into Eq: (4.10), adopt the 
critical-region parameter values r = 1.19, v = 0.633, 
r = 0.075, So = 1.3 A as determined by Sengers et 
aI., H7,S26,S27 and A = 1.2 as determined by Basu and Sen-
gers,B8 we obtain Eq.(3.12) for AiT,p). 

The critical enhancement in the thermal conductivity is 
present in a large range of densities and temperatures aro-pnd 
the critical point. As a consequence, it is 'd,iffipult to deter
mine the parameters in the critical enhancement term 
..12 = AA and the ideal thermal conductivity Aid. = ..loA 1 inde
pendently. In practice an iterative procedure was used. First, 
a preliminary equation for the ideal thermal conductivity Aid 

in Eq. (4.5) was adopted, assuming that the temperature de
pendence of the eicess ideal thermal conductivity Aid - )"'0 

could be neglected in the critical region. Next, the amplitude 
A ufthe critical enhancement was determined from the val
ues A - Aid' deduced from the experimental data in the criti
cal region. B8 Adopting the equation thus obtained for A2, we 
then determined the parameters of the function A 1 hy fitting 
the experimental thermal conductivity data of the Interna
tional Input to the objective function WI 

Y = In ( A ~oA2 ) 

4 5 ( 1 )i =,0,.2: 2: b~ -= -1 {,o -lY, 
,-Oj~O T 

(4.13) 

with the assigned weights given in Table 11. The problem of 
determining optimum values for the coefficients b ~ was then 
reduced to a linear regression problem. 

We note that the viscosity f.l also shows a critical en
hancement in the vicinity of the critical point.B11,S2,W2 How
ever. unlike the therm~ 1 conductivity, the viscosity exhibits 
only a weakly singular behavior observable in an extremely 
small range around the critical point as further discussed in 
Appendix III. This weakly singular behavior of the viscosity 
near the critical pOint has been neglected in Eq. (3.8) for the 
viscosity f.l. S2 As a consequence this effect has also been ne
glected in determining the parameters of Eqs. (3.7) and 
(3.12). 

The behavior of the thermal conductivity of steam in 
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FIG. 12. The thermal conductivity of steam in the critical region as a func
tion of density at constant pressures. The data are those of8irota et 
ai. (Ref. 85) with densities calculated from the IFC 68 formulation . 
The curves represent Eq. (3.4) with the thermodynamic derivatives 
calculated from the IFC 68 formulation. 
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FIG. 13. The thermal conductivity of steam in the critical region as a func
tion of density at constant pressures. The data are those of8irota et 
ai. (Ref. 85) with densities calculated from the lAPS 82 formula
tion. The curves represent Eq. (3.4) with the thermodynamic de
rivatives calculated from the lAPS 82 formulation. 
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FIG. 14. The thennal conductivity of steam in the critical region as a func
tion of density at constant pressures. The data are those of Sirota et 
al. (Ref. S5) and the curves represent Eq. (3.4), when in region 
defined by Eq. (III. \) the lAPS 82 fonnlilation is replaced with the 
scaled equation of state of Levelt Sengers et aL (Ref. L8). 

the critical region, as represented by the thermal conductiv
ity equation for scientific use, is compared with the detailed 
set of experimental data of Sirota and co-workersss in Figs. 
12, 13, and 14. In Fig. 12 we show the values deduced from 
the scientific thermal conductivity equation of state which 
was used in the original determination of the values of the 
coefficients in the scientific thermal conductivity equation. 
In Fig. 13 we show the values deduced from the scientific 
thermal conductivity equation when calculated with the aid 
of the newly adopted lAPS 82 formulation for the equation 
of state. In Fig. 14 we show· the values deduced from the 
scientific thermal conductivity equation, when in the region 
bounded by (111.1) the lAPS 82 formulation is replaced with 
a scaled fundamental equationL8 as further discussed in Ap
pendix III. It should be noted that any comparison between 
the calculated values of thermal conductivity and the experi
mental data close to the critical point is rather sensitive to 
any uncertainties in temperature, or more specifically the 
temperature differences T - Te to be attributed to the ex
perimental data. B8 Hence, it is concluded that all three pro
cedures mentioned here yield equally acceptable representa
tions of the behavior of the thermal conductivity of steam in 
the critical region. 

In Fig. 15 we present a comparison between the experi
mental data of Sirota et al. in the critical region and the 
values calculated from Eq. (3.17) for industrial use. As ex
plained in Sec. 3, the industrial thermal conductivity equa
tion does not yield an accurate representation of the critical 

I 0.7 

0.6 

0.5 

0.3 

0.2 

0.1 

100 

o 22.6 MPa 
X 23.IMPa 
623.6MPa 
+ 24.1 MPa 
o 27.6MPa 
.. 30.1 MPa 
o 35.0MPa 

200 

Industrial Use 

300 400 500 600 
Density, kg/m3 

FJG. 15. The thennal conductivity of steam in the critical region as a func
tion of density at constant pressures. The data are those of Sirota et 
al. (Ref. S5) with densities calculated from the IFC 67 fonnulation 
and the curves represent the values calculated from Eq. (3.17). 

enhancement in the more immediate vicinity of the critical 
point. 

4.4. Thermal Conductivity of Saturated Vapor and 
Saturated Liquid 

Values implied ·by the new international formulation 
for the thermal conductivity A liq ( = A ') of the saturated liq
uid and of the thermal conductivity Avap ( = A ") of the satu
rated vapor are presented in Tables 1.2, 1.4, and 1.6. The 
thermal conductivity of fluid H20 at the saturation bound
arybetween the triple-point temperature 1't = 273.16Kand 
the critical temperature Te = 647.067 K can be represented 
by the auxiliary equations 

Aliq =A*[CO +c/3 it! Cj(1-E)1-i 

+ c~(1- €)4€-O.S7]. (4.14) 

Avap = A * [(1 - E)-2€-O.S7 itl C;E(i-l)/3], (4.15) 

with 

E= 1- TITe (4.16) 

[andA * = 1 Wm- 1 K -1 as earlier defined in Eq. (3.6)]. The 
values of the coefficients c; and c;' are presented in Tables 13 
and 14. 

From Eq. (4.6) it follows that near the critical tempera
ture the therma1 conductivity becomes proportional to c p / 

/.Lt. The theory of critical phenomena predicts that along 
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TABLE 13. Coefficients c; for A liq 

cb = 3.069495 2X 10- 1 

c; = - 3.285 1880 

c; = 1.906804 4 X 101 

c.i = - 3.733 198 9X 101 
c~ = 3.537491 7X 101 
c; = - 1.286627 Ox 101 

c; = 5.201 668 7X 10-3 

TABLE 14. Coefficients ci' for }'vap 

ci' = 2.710 1923 X 10-2 

c2' = - 4.400 423 2X 10- 1 

c~ = 4.560 840 5 
c; = - 2.061251 6X 101 

c; =F 4.9094345 X 101 

c6 = - 6.466 597 1 X 10' 

c7 = 4.441 708 Ox 101 
c; = - 1.239847 4X 101 

either side of the phase boundary cp will diverge as € - y, t as 
€- v,S27 while the viscosity diverges as fP with 
¢~0.06.BI2,H5 As a consequence, the thermal conductivity 
will diverge as €-W with {J) = - r + v(1 + ¢». Equations 
(4.14) and (4.15) have been constructed such that both A~iq 
and Avap diverge as € - W with {J) = 0.57 in the limit €--+O. 

Equations (4.14) and (4.15) represent the thermal con
ductivity along the vapor-liquid phase boundary within the 
tolerances agreed upon by lAPS. 

4.5. Thermal Conductivity of Fluid H20 at High 
Pressures 

The international therm.al conductivity equations, pre
sented in Sees. 3.2 and 3.3, have been certified by lAPS for 
use at pressures up to 1 00 MPa~ The reason is that the IFC 67 
Formulation for the Thermodynamic Properties of Water 
Substance for Industrial Use, coupled with the industri~l 
thermal conductivity equation, and the IFC 68 Formulation 
for the Thermodynamic Properties of Water Substance ori
ginally employed with the scientific thermal conductivity 
equation, are themselves only valid at pressures up to 100 
MPa. However, the new lAPS 82 Formulation, which su
persedes the IFC 68 Formulation, is valid at pressures well 
above 100 MPa. Hence, it is of interest to investigate whether 
Eq. (3.4), when combined with the lAPS 82 Formulation for 
the thermodynamic properties, can be extrapolated to pres
sures beyond 100 MPa. 

As can be seen from the information in Table 1, the 
International Input contains thermal conductivity data at 
pressures beyond 100 MPa reported by Lawson et al.,L3 
Rastorguyev et al.,R2 Castelli and Stanley, C3 Amirkhanovet 
al./ 1 and of Miriamiyama and Tata.M5,M6,YI,Y2 Additional 
experimental data for the thermal conductivity of fluid H20 
at high pressures have been reported by Amirkhanov and co
workersA4 and by Dietz et al. Dl,D2 A comparison between 
the available experimental data at high pressures above 100 
MPa and Eq. (3.4), at some representative temperatures is 
made in Figs. 16 and 17. 
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In order to specify the range of validity of the thermal 
conductivity equation, we adopt the criterion that the equa
tion shou'ld reproduce the experimental data at high pres
sures to within about 2.5%. The data of Castelli and Stanley 
pertain to liquid water at pressures up to 140 MPa and at 
temperatures between 1.8 and 30.3 dc. C3 The data ofRastor
guyev and co-workers cover pressures up to 200 MPa at tem
peratures between 3 and210 °C.R2 The data of Minami yam a 
and Yata.pertain tofluid H.,O at pressures up to 147'MPa at 
temperatures from 30 to 420°C. M5,M6 All these data agree 
with the international thermal conductivity equation to 
within 2.5%. The data of Lawson and co-workers are for 
liquid water between 30 and 130 DC at pressures up to 785 
MPaL3 

; these data agree with the equation at pressures up to 
400 MP~ ~t all temperatures. The earlier data of Amirk
hanov et al.AI refer to water between 25 and 350 DC at pres
sures up to 245 MPa; the more recent data of Amirkhanov et 
af. A4 are for steam between 376 and 576 DC at pressures up to 
250 MPa. These data of Amirkhanov and co-workers are not 
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FIG. 16. Comparison between experimental thennal conductivity data at 
pressures beyond 100 MPa and the thermal conductivity values 
calculated from Eq. (3.4). 
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FIG. 17. Comparison between experimental thermal conductivity data at 
pressures beyond 100 MPa and the thermal conductivity values 
calculated from Eq. (3.4). 

in good agreement with the equation. However, an impor
tant source of the difficulty is the existence of significant 
systematic deviations when the data of Amirkhanov et al. A4 

are compared with those of other investigators as well This 
is evident when the data of Amirkhanov et al.A1 for water at 
high pressures are compared with the data of Dietz et al.,Dl 
ofRastorguyev et ai., R2 and of Minami yam a and Y ata, M5,M6 
as shown in Figs. 16c and 17 a; it is also evident when the 
more recent data of Amirkhanov et al. A4 for steam at high 
pressures are compared with the data of Minamiyama and 
Yata,M6 as shown in (b) of Fig. 17. We conclude that the 
experimental data of Amirkhanov and co-workers require 
additional verification. A very accurate source of experi
mental information for water at high pressures is provided 
by the recent work of Dietz et ai. 01,02; the data cover pres-

sures up to 350 MPa at temperatures between 30 and 250°C. 
The equa'tion agrees with the data of Dietz et al. to within 
about2.5% at the temperatures between 30 and 125°C; at 
150 °C the deviations exceed 2.5% at pressures above 260 
MPa; at 200 and 250 DC a similar increase of the deviations 
occurs at pressures above 200 MPa. At temperatures of 
about 200°C and at pressures above 200 MPa, the interna
tional equation tends to yield thermal conductivity values 
that increase more strongly with pressure than those ob
served experimentally; this conciusion differs from the op
posite conclusion stated in the paper of Dietz et a/.01 

We conclude that the range of validity of the interna
tional thermal conductivity equation for scientific use can be 
extended to 

., P<.400 MPa for 0 °C<.T<. 125 DC, 

P<.200 MPa for 125 "C<T<.250 DC, 

P<.150 MPa for 250 °C<.T<.400 DC, 

P< 100 MPa for 400 "C<T<800 "c. 

(4.17) 

, 4.6. Prandtl Number and Thermal Diffusivity 

In many practical applications involving heat transfer 
analysis, one also needs reliable information for quantities 
that are combinations of transport properties and thermody
namic properties. The most commonly used ratios that in
volve the thermal conductivity are the Prandtl number 
Pr = J..lCp /}. and the thermal diffusivity DT =}. /pcp • 

In previous articles, we have discussed some problems 
encountered in the calculation of the Prandtl number of 
steam.B9.S21 Specifically, the IFC 67 and IFC 68 formula
tions for the thermodynamic properties of steam do not yield' 
a smooth representation of the specific heat cp • However, the 
Prandtl number and thermal diffusivity can now be calculat
ed by combining Eq. (3.4) for scientific use and Eq. (3.8) for 
viscosity with the new lAPS 82 formulation for the density p 
and the specific heat cp • The values thus obtained for the 
Prandtl number and the thermal diffusivity over a uniform 
grid of pressures and temperatures are presented in Tables 
15 and 16. The Prandtl number is shown in Fig. 18 as a 
function of temperature along selected isobars; since the 
Prandtl number becomes infinite at the critical point we 
have plotted the inverse Prandtl number 1/ Pro The thermal 
diITusivily DT i::> shuwn in Fig. 19. Frum Figs. 18 and 19,it is 
seen that the new international equations adopted by lAPS 
give a smooth representation of the Prandtl number and the 
thermal diffusivity. 

Because the IFC 67 formulation for industrial use is not 
suitable for calculating the specific heat cp ' the equations for 
industrial use are not recommended for calculating the 
Prandtl number or the thermal diffusivity.B9,s21 
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Table 15. The Prandtl number Pr=1-Ic /A calculated from Eq. (3.4) for A, Eq. (3.8) for 1-1 and 
the lAPS 82 formulation P for c 

P 

~~ 
TEMPERATURE, °c 

0 25 50 75 100 150 200 250 300 350 

0.1 13.50 6.137 3.555 2.378 I 1 ,000 0.9737 0.9602 0.9499 0.9407 0.9322 
0.9641 0.9505 0.9392 0.5 13.48 6.133 3.553 2.377 1.753 1.151 I 0.9835 

13.46 6.128 3.551 2.377 1.752 1.150 1.028 0.9870 0.9647 0.9488 1.0 
1.096 1.021 0.9824 2.5 13.39 6.113 3.546 2.374 1.751 1.150 0.903\:1 

5.0 13.27 6.088 3.538 2.371 1.750 1.149 0.9019 0.8252 , 1.173 1.057 

7.5 13.16 6.063 3.529 2.367 1.748 1.148 0.9004 0.8209 1.466 1.162 

10.0 13.04 6.039 3.521 2.364 1.746 1.147 0.8989 0.8169 0.890311.312 
12.5 12.94 6.015 3.513 2.360 1.744 1.146 0.8975 0.8132 0.8741 1.545 

15.0 12.83 5.992 3.505 2.357 1.743 1.145 0.8961 0.8097 0.8601 2.006 

17.5 12.73 5.970 3.497 2.354 1.741 1.145 0.8948 0.8064 0.8477 1.379 

20.0 12.63 5
1
.947 3.490 2.350 1.740 1.144 0.8936 0.8033 0.8368 1.216 

ro 
3.482 2.347 1.738 1.143 0.8924 0.8004 0.8270 1.121 0... 22.5 12.53 5.926 

::E 25.0 12.44 5.904 ,3.475 2.344 1.736 1.142 0.8913 0.7976 0.8181 1.057 
27~5 12.34 5.883 3.467 2.341 1.735 1.142 0.8902 0.7950 0.8101 1.009 

~ 30.0 12.25 5.863 3.460 2.338 1.733 1.141 0.8891 0.7926 0.8027 0.9729 
t::e: 

3.446 2.332 1.731 1.140 0.8871 0.7880 0.7898 0.9188 0 35.0 12.08 5.823 
U) 

40.0 11.92 5.785 3.433 2.326 1.728 1.138 0.8852 0.7838 0.7788 0.8800 
U) 
~ 45.0 11.77 5.748 3.420 2.321 1.725 1.137, 0.8835 0.7801 0.7692 0.8504 
t::e: 

50.0 11.62 5.713 3.407 2.315 1.723 ' 1'.136 0.8818 0.7766 0.7608 0.8269 0... 
0.7734 0.7534 0.8075 55.0 11.48 5.680 3.395 2.310 1.721 1.135 0.8803 

60.0 11.35 5.648 3.384 2.305 1.718 1.134 0.8789 0.7705 0.7467 0.7912 

65.0 11.23 5.617 3.372 2 •. 301 1.716 1.134 0.8775 0.7678 0.7408 0.7773 
70.0 11.12 5.588 3.362 2.296 1.714 1.133 0.8763 0.7652 0.7354 0.7653 

75.0 11.01 5.560 3.352 2.292 1.712 1.132 0.8751 0.7629 0.7306 0.7548 

80.0 10.91 5.533 3.342 2.288 1.711 1.131 0.8740 0.7606 0.7261 0.7455 
85.0 10.8.1 5.508 3.332 2.284 1.709 1.131 0.8729 0.7586 0.7220 0.7372 

90.0 10.72 5.483 3.324 2.280 1.707 1.130 0.8719 0.7566 0.7182 0.7297 
95.0 10.63 5.460 3.315 2·777 1.706 1.130 0.8710 0.7547 0.7147 0.7230 

100.0 10.55 5.439 3.307 2.273 1.704 1.129 0.8701 0.7530 0.7115 0.7169 
I 

G TEMPERATURE, °c 

400 425 450 475 500 550 600 650 700 750 

0.1 Q.9243 0.9207 0.9172 0.9138 0.9107 0.9047 0.8993 0.8944 0.8899 0.8856 
0.5 0.9295 0.9251 0.9209 0.9170 0.9134 0.9067 0.9007 0.8954 0.8906 0.8861 
1.0 0.9362 0.9307 0.9257 0.9211 0.9168 0.9092 0.9025 0.8966 0.8914 0.8868 
2.5 0.9582 0.949() 0.9409 0.9338 0.9275 0.9167 0.9077 0.9002 0.8940 0.8887 
5.0 1.002 0.9835 0.9688 0.9566 0.9463 0.9295 0.9163 0.9060 0.8978 0.8913 
7.5 1.055 1.024 1.000 0.9815 0.9663 0.9427 0.9249 0.9115 0.9012 0.8935 

10.0 1.118 1.070 1.035 1.008 0.9876 0.9561 0.9334 0.9166 0.9042 0.8952 
12.5 1.195 1.123 1.073 1.038 1.010 0.9699 0.9417 0.9214 0.9068 0.8965 

ro 15.0 1.290 1.183 1.116 1.069 1.034 0.9839 0.9499 0.9259 0.9090 0.8972 
0... 17.5 1.408 1.253 1.163 1.102 1.059 0.9982 0.9580 0.9301 0.9107 0.8976 ::E 20.0 1.~"'R 1.:n~ 1.215 1.139 1.005 1.01;3 O.?6~? 0.,,;,;,,;> O.?lZl 0.8'1'7::1 

g:z 
22.5 1.812 1.436 1.273 1.177 1.112 1.027 0.9736 0.9374 0.9131 0.8971 
25.0 2.273 1.564 1.339 1.219 1.141 1.042 0.9811 0.9407 0.9'138 0.8963 

0 27.5 3.363 1.737 1.416 1.264 1.171 1.057 0.9885 0.9436 0.9142 0.8952 U) 
U) 30.0 3.329 1.979 1.506 1.314 1.203 1.073 0'.9957 0.9463 0.9142 0.8938 
~ 35.0 1.693 2.415 1.729 1.427 1.272 1.104 1.010 0.9511 0.9137 0.8903 c:: 
c.. 40.0 1.290 1.Q?? 1.900 1.54e 1.315 1.135 1.02::1 0.'1::;:;;2 0.'11Z0 0.866.1 

45.0 1.118 1.479 1.791 1.627 1.413 1.167 1.037 0.9588 0.9108 0.8815 
50.0 1.021 1.245 1.542 1.601 1.454 1.195 1.049 0.9621 0.9089 0.8768 
55.0 0.9567 1.109 1.335 1.488 1.447 1.219 1.061 0.9653 0.90'71 0.8721 
60.0 0.9110 1.022 1.190 1.354 1.396 1.231 1.071 0.9683 0.9054 0.8677 
65.0 0.8763 0.9617 1.089 1.235 1.320 1.231 1.078 0.9712 0.9041 0.8638 
70.0 0.8488 0.911>9 1.n11. 1.140 1.23e 1.::!f9 1.093 0.<:'737 0.9033 0.660"1 
75.0 0.8264 0.8823 0.9615 1.064 1.162 1.195 1.083 0.9757 0.9027 0.8576 
80.0 0.8076 0.8546 0.9194 1.005 1.096 1.164 1.079 0.9769 0.9026 0.8555 
85.0 0.7915 0.8318 0.8860 0.9581 1.039 1.128 1.072 0.9770 0.9027 0.8540 
90.0 0.7777 0.8128 0.8588 0.9201 0.9920 1.091 1.060 0.9760 0.9029 0.8532 
95.0 0.7655 0.7964 0.8362 0.8888 0.9523 1.055 1.046 0.9736 .0.9030 0.8528 

100.0 0.7547 0.7823 0.8171 0.8627 0.9189 1.020 1.030 0.9699 0.9030 0.8529 
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375 

0.9282 
0.9342 
0.9422 
0.9692 
1.025 
1.098 
1.191 
1.314 
1.484 
1.753 
2.353 
8.125 
1.937 
1.485 
1.291 
1.103 
1.005 
0.9430 
0.8991 
0.8660 

.0.8398 
0.8183 
0.8004 
0.7850 
0.7718 
0.7602 
0.7499 
0.7408 
0.7326 

800 

0.8816 
0.8820 
0.8826 
0.8841 
0.8862 
0.8877 
0.8887 
0.8892 
0.8892 
0.8888 
o.I:II:II:IQ 
0.8868 
0.8853 
0.8834 
0.8813 
0.8763 
0.8706 
0.8645 
0.8583 
0.8521 
0.8462 
0.8407 
0.63::;:;' 
0.8314 
0.8278 
0.8250 
0.8228 
'0.8214 
0.8206 
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Table 16. The thermal diffusivity DT = A/pc calculated from Eq., (3.4) for A and the lAPS 82 
P -6 2 

formulatlon for p and cpo (DT, in 10 m Is) 

~ 
TEMPERATURE, °c 

0 25 50 75 100 150 200 250 300 350 375 

0.1 0.1327 0.1456 0.1558 0;1632 GO.83 28.22 36.60 46.15 56.92 68.90 75.33 

0.5 0.1328 0.1456 0.1558 0.1633 0.1681 0. 1725 1 6.942 8.931 11.13 13.56 14.87 

1.0 9.1329 0.1457 0.1559 0.1634 0.1682 0.1726 3.192 4.259 5.401 6.644 7.308 

2.5 0.1333 0.1459 0.1561 0.1636 0.1684 0.1729 0.1712 I 1.414 1.943 2.485 2.767 

5.0 0.1339 0.1463 0.1564 0.1639 0.1687 0.1734 0.1719 0.16071 0.7670 1.088 1.247 

7.5 0.1344 0.1466 0.1567 0.1642 0.1691 '0,1738 0.1726 0.1620 n.".tC;QQ 0.6173 0.7371 

10.0 0.1350 0.1470 0.1570 0.1645 0.1695 0.1743 0.1733 0.1633 
0.

13571 0.3790 0.4808 

12.5 0.1355 0.1473 0.1573 0.1649 0.1698 0.1748 0.1740 0.164:5 0.1387 0.2337 0.3<!66 

15.0 0.1361 0.1477 0.1577 0.1652 0.1702 0.1752 0.1747 0.1657 0.1415 ~.1310 0.2231 

ell 17.5 0.1366 0.1480 0.1580 0.1655 0.1705 0.1757 0.1754 0.1668 0.1440 0.0831 0.1472 

~ 20.0 0.1372 0.1483 0.1583 G.165S 0.1709 0.1762 0.1760 0.1679 0.1464 0.0948 0.0840 

~ 
22.3 0.1377 0.1487 , 0.1586 0.1662 0.1712 0.1766 0.1767 0.1690 0.1486 0.1033 0.0143 

~ 25.0 0.1382 0.1490 0.1589 0.1665 0.1716 0.1771 0.1773 0.1700 0.1507 0.1100 0.0594 

::;l 27.5 0.1387 0.1493 0.1592 0.1668 0.1719 0.1775 0.1760 001710 o.l!:);'!/ U.l1::'o O.U116 

U) 30.0 0.1392 0.1497 0.1595 0.1671 0.1723 0.1779 0.1786 0.1720 0.1546 0.1203 0.0895 
U) 35.0 0.1402 0.1503 0.1601 0.1678 0.1729 0.1788 0.1798 0.1739 0.1580 0.1283 0.1054 
UJ 
c:: 40.0 0.1411 0.1510 0.1607 0.1684 0.1736 0.1797 0.1810 0.1757 0.1612 0.1348 0.1162 

'Cl. 45.0 0.1420 0.1516 0.1613 0.1690 0.1743 ' 0.1805 0.1822 0.1774 0.1641 0.1403 0.1245 

50.0 0.1429 0.1522 0.1619 0.1696 0.1749 0.1814 0.1833 0.1791 0.1668 0.1451 0.1313 

55.0 0.1437 0.1528 0.1625 0.1702 0.17:56 0.1822 0.1844 0.1807 0.1693 0.1494 0.13/0 

60.0 0.1445 0.1534 0.1630 0.1708 0.1762 0.1830 0.1855 0.1822 0.1717 0.1532 0.1419 

65.0 0.1453 0.1540 0.1636 0.1714 0.1769 0.1838 0.1866 0.1837 0.1739 0.1567 0.1463 

70.0 0.1460 0.1545 0.1642 0.1720 0.1775 0.1846 0.1876 0.1852 0.1760 0.1600 0.1503 

75.0 0.1467 0.1551 0.1647 0.1726 0.1781 0.1854 0.1887 0.1866 0.1780 0.1630 0.1539 

80.0 0.1474 0.1556 ' 0.1652 0.1731 0.1788 0.1862 0.1897 0.1879 0.1799 0.1658 0.1572 

85.0 0.1481 0.1561 0.1658 0.1,737 0.1794 0.1870 0.1907 0.1893 0.1817 0.1684 0.1603 

90 .• 0 0.1487 0.1567 0.1663 0,.1742 0.1800 0.1877 0.1917 0.1906 0.1835 0.17()8 

I 

0.1631 

95.0 0.1493 0.1572 0.1668 0.1748 0.1806 0.1885 0.1927 0.1919 0.1852 0.1731 0.1658 

100.0 0.~498 0.1577 0.1673 0.1753 0.1812 0.1892 0.1937 0.1931 0.1868 0.1754 0.1683 

~. TEMPERATURE , °c 

400 425 450 475 500 550 600 650 700 750 800 

0.1 82.07 89.09 ' 96.40 104.0 111.9 128 • .4 146.1 164.7 184.4 205.1 226.8 
0.5 16.23 17.65 19.12 20.66 22.24 25.58 29.13 32.88 36.83 40.98 45.32 
1.0 7.999 8.718 9.464 10.24 11.04 12.72 14.51 16.40 18.38 20.46 22.64 
2.5 3.057 3.357 3.667 3.987 4.317 5.008 5.739 6.508 7.314 8.155 9.033 
5.0 1.407 1.569 1.734 1.904 2.077 2.438 2.817 3.214 3.627 4.056 4.500 
7.5 0.8548 0.9721 1.090 1.210 1.331 1.583 1.845 2.117 2.400 2.692 2.992 

10.0 0.5783 0.6737 0.7683 0.8633 0.9592 1.156 1.360 1.571 1.788 2.011 2.240 
12.5 0.4126 0.4951 0.5758 0.6560 0.7366 0.9006 1.070 1.244 1.422 1.605 1.790 
15.0 0.3024 0.3765 0.4481 0.5186 0.5889 0.7311 0.8771 1.027, 1.179 1.334 1.492 

ctI 17.5 0.2239 0.292:5 0.3576 0.4211 0.4840 0.6108 0.7402 0.8724 1.007 1.142 1.279 
~ 20.0 0.1647 0.2300 0.2904 0.3486 0.4060 0.5211 O .... ~R? o. 7S7~ 0.9779 0.9991 1.1:21 

22.5 0.1173 0.1816 0.2387 0.2929 0.3460 0.4519 0.5593 0.6683 0.7782 0.8883 0.9984 

§ 25.0 0.0766 0.1430 0.1978 0.2489 0.2985 0.3970 0.4968 0.5977 0.6990 0.8002 0.9009 
::;l 27.5 0.0419 0.1112 0.1648 0.2134 0.2602 0.3526 0.4460 0.5403 0.6347 0.7285 0.8217 
U) 30.0 0.0368 0.0850 0.1377 0.1843 0.2287 0.3160 0.4041 0.4928 0.5815 0.6693 0.7561 
U) 
UJ 35.0 0.0694 0.0558 0.0974 0.1403 0.1807 0.2597 0.3393 0.4193 0.4988 0.5771 0.6539 
g: 40.0 0.0907 0.0642 0.0758 O.iiO!"; n.14.t.Q 0.2190 0.::2919 0.:U.5:! 0."379 0.5090 0.6704 

45.0 0.1048 0.0814 0.0735 0.0933 0.1235 0.1888 0.2560 0.3240 0.3913 0.4569 0.5205 
50.0 0.1151 0.0959 0.0818 0.0874 0.1090 0.1663 0.2284 0.2918 0.3547 0.4158 0.4747 
55.0 0.1231 0.1072 0.0924 0.0893 0.1018 0.1497 0.2068 0.2662 0.3252 0.3826 0.4377 
60.0 0.1298 0.1162 0.1025 0.0951 0.1003 0.1380 0.1898 0.2454 0.3012 0.3553 0.4071 
65.0 0.1354 0.1236 0.1113 0.1023 0.1023 0.1302 0.1765 0.2284 0.2811 0.3324 0.3815 
70.0 0.1402 0.1298 0.1188 0.1094 0.j06~ O.1~55 0.166::2 0.:!14>1 O.:U,>l3 0.3130 0.3596 
75.0 0.1446 0.1351 0.1252 0.1161 0.1111 0.1233 0.1582 0.2028 0.2499 0.2963 0.3408 
80.0 0.1485 0.1398 0.1308 0.1222 0.1163 0.1228 0.1523 0.1932 0.2376 0.2818 0.3242 
85.0 0.1520 0.1439 0.1357 0.1276 0.1213 0.1235 0.1479 0.1852 0.2270 0.2691 0.3096 
90.0 0.1553 0.1477 0.1401 0.1325 0.1260 0.1251 0.1449 0.1785 0.2177 0.2578 0.2966 
95.0 0.1583 0.1511 0.1440 0.1369 0.1305 0.1272 0.1430 0.1731 0.2096 0.2477 0.2848 

100.0 0.1611 0.1542 0.1475 0.1408 0.1346 0.1297 0.1419 0.1686 0.2026 0.2387 0.2742 
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FIG. 18. The inverse Prandtl number UPr = A./poep, calculated from the 
equations recommended by lAPS, as a function of temperature 
at selected pressures. 

5_ Acknowledgments 
We are indebted to our colleagues of the Speci'al Com· 

mittee of lAPS, listed in Appendix IF, for their many contri· 
butions to the analysis· of the thermal conductivity of water 
substance described in this paper. We also thank Professor J. 
Kestin for the valuable advice we have received from him 
throughout this project. 

The research was supported by the Office of Standard 
Reference Data and by NSF Grant DMR·82-05356 to the 
University of Maryland. Computer time for this project was 
provided by the Computer Science Center at the University 
of Maryland. The research at NEL was supported by the 
Mechanical and Electrical Engineering Requirements 
Board of the Department of Industry, and the results are 
pubJished with the permission of the Director of the Nation
al Engineering Laboratory, Department of Industry (UK). 

Appendix I 
The Eoighth International Conference 

on The Properties of Steam 
Giens, France, September 1974 

Release on Thermal Conductivity 0/ Water Substance 

December 1977 

Unrestricted publication aJJowed in all countries. 

Issued by the International Association for the Proper-
ties of Steam. 

President, H. W. Bradly 
Brad1y Associates 
3, Belleville Drive 
Oadby, Leicester LE2 4HA, United Kingdom 
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FIG. 19. ThethermaldiffusivityDT = A. /pcp , ca1culated from the equations 
recommended by lAPS, as a function of temperature at selected 
pressures. 

Executive Secretary, Dr. Howard J. White, Jr. 
Office of Standard Reference Data 
National Bureau of Standards 
Gaithersburg, MD 20899 USA 

Amended in accordance with a resolution adopted by 
the Executive Committee of lAPS at its 1982 meeting in 
Ottawa, Canada. 

After the Eighth International Conference on the Prop~ 
erties of Steam (ICPS) held in Giens, France, in September 
1974, the Secretariat issued an Announcement. This stated 
that the International Association for the Properties of 
Steam (lAPS) has been instructed to prepare new representa
tions of the viscosity and thermal conductivity of steam to 
replace those announced as a result of the Sixth ICPS in a 
Supplementary Release dated November 1964. The repre
sentations contained in that Supplementary Release are now 
considered obsolete. 

The Eighth rcps designated a Special Committee, con
sisting of representatives of France, the Federal Republic of 
Germany, Japan, the USA, and the USSR, with Professor J. 
Kestin of the USA, the then lAPS President, as its convenor, 
for the purpose of finalizing the new representations. 

The Special Committee met in Schliersee (April 1975), 
Ottawa (Sept. 197;;;), Kyoto (Sept. 1976), Providence (May 
1977) and Moscow (Sept. 1977) to complete its work with 
respect to the representation of the thermal conductivity of 
water substance. 

TIlt: lutt:l1H:lliunal R.epresentation of the Dynamic Vis
cosity of 'Vater Substance was issued by the Secretariat in 
April 1975. 

In accordance with a resolution of the Eighth Confer
ence, the material included in the present Release was circu
lated to and approved by the Heads of a11 National Delega
tions attending the Eighth Conference lCanada, 
Czechoslovakia, Federal Republic. of Germany, France, 
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Hong Kong, Hungary, Japan, Netherlands, Poland, Swit
zerland, United Kingdom, United States of America, and 
the Union of Soviet Socialist Republics). 

This Release is issued by the Secretariat under the full 
authority of the Eighth Conference, and presents in the ac
companying Appendices the International Representation of 
the Thermal Conductivity of Water $ubstance, 1977. 

For further information, write to 

Dr. Howard J. White, Jr., 
Office of Standard Reference Data 
National Bureau of Standards 
Gaithersburg,MD 20899 USA 

Attachments: Appendices lA, IB, IC, ID, IE, and IF. 

Contents of this Release 

The Special Committee considers that the existing data 
in the literature which have been collected in the document 
"Available Input of the Thermal Conductivity of Water 
Substance.H by K. Scheffler. N. Rosner. and M. Reimann, 
Institute A fuer Thermodynamik, Technische Universitaet 
Muenchen, January 1974, last revision December 1977, are 
not sufficiently accurate and precise to allow definition of a 
two-dimensional representation that satisfies all of the crite
ria for smoothness and physical plausibility that can logical
ly be required of it. The Special Committee draws attention 
to this fact and hopes that additional measurements of supe
rior quality will become available in the future, especially in 
the high-pressure and temperature region of ste~m where the 
lack of data is obvious.' 

Each formulation considered by this Committee repre
sents all the available data for the thermal conductivity of 
water substance and the Tables of Critically Evaluated Ex
perimental Data within the latter's tolerances. 

At the present time, the Special Committee issues a Re
presentation consisting of five appendices as follows: 

Appendix IA. Critically Evaluated Experimental Data 
Table 1.1. Reduced to a uniform grid 
Table 1.2. Reduced to the vapor-pressure line 

Appendix IE. Recommended Interpolating Equation 
for Industrial Usc 

Appe,ndix Ie. Recommended Interpolating Equation 
for Scientific Use 

Appendix ID. Smoothed Values of the Thermal Con
ductivity of Water Substance Obtained 
with the Aid of the Recommended In
terpolating Equation for Industrial Use 

Table 1.3. Calculated over a uniform grid 
Table 1.4. Calculated along the vapor

pressure line 
Appendix IE. Smoothed Values of the Thermal Con

ductivity of Water Substance Obtained 
with the Aid of the Recommended In
terpolating Equation for Scientific Use 

Table 1.5. Calculated over a uniform grid 
Table 1.6. Calculated along the vapor

pressure line 
Appendix IF. Special Committee membership 

Appendix IA 
Tabe 1.1. Critically evaluated experimental data re

duced to a uniform grid. 
, Upper value: thermal conductivity of water or steam, iL 

in mW/Km. 
Lower value: uncertainty in the thermal conductivity, 

±AiL in mW/K m. 
Pressure P in MPa; temperature Tin 0e. 
Extrapolated values distinguished by parentheses. 
The isotherms and isobars represented by this table are 

not smooth but reflect the trends existing in the experimental 
. data used in its construction. 

Table 1.2. Critically evaluated experimental data re-, 
duced to the vapor-pressure line. 

Temperature Tin °C. 
Pressure Pin MPa. 
Thermal conductivity of saturated liquid, iL ' in m W / 

Km. 
Thermal conductivity of saturated vapor, .i.. " in m W / 

Km. 
± AiL " ± AiL " uncertainty in the above values in m W / 

Km. 
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Table 1.l. Critically evaluated experimental data reduced to a 
uniform grid 

T o. 25. so. is. 100. ISO. 200. 250. 300. 350. 375. 400. 
P 
0.1 563 610' 643 664 2S .0 28.9 33.3 38.1 43.3 -l9.0 52.0 54.9 

11 9 9 10 0.5 0.6 0.7 0.8 0.9 1.0 1.0 1.1 
0.5 563 610 6-13 664 680 688 ! 34.1 38.7 43.7 49.1 52.6 55.5 

11 9 10 10 10 1.0 1.2 1.3 1.5 1.6 1.7 
1.0 564 611 643 '666 681 689 

1
35 . 9 39.5 44.3 49.5 53.0 56.0 

11 9 9 10 10 10 L-L.L 1.2 1.3 1.5 1.6 1.7 
2.5 566 611 644 666 682 690 668 L1L 46.5 SO .9 54.7 56.9 

11 9 9 10 ,10 10 10 1.4 1.4 1.5 1.6 1.7 
5.0 567 613 645 668 683 691 6il 625 52.7 54.1 56.5 58.6 

11 12 12 ,13 13 13 13 12 1.6 1.9 1.7 1.8 
7.5 570 614 647 669 685 694 673 628 59.6 60.5 62.7 

11 12 12 13 13 1'3 13 12 1.8 1.8 1.9 
10.0 571 615 648 669 686 695 675 631 68.2 65.3 60.9 

11 12 13 13 13 13 13 12 2.0 2.1 2.0 
12.5 ' 571 616 649 6iZ 687 697 678 634 562 81.2 73.6 72.4 

11 12 13 13 13 13 13 12 11 2.4 2.2 2.2 
15.0 573 617 650 673 689 700 680 638 " 566 107.5 84.8 19.9 

11 12 13 13 13 14 13 12 11 6.7 :;: .S 2.4 
17.5 573 618 651 674 691 701 682 639 5n 452 104.2 90.0 

11 12 13 13 13 14 13 12 11 13 3.1 2.1 
20.0 574 6I9 653 676 691 703 684 641 576 465 144.0 104.9 

11 12 13 13 13 14 13 12 11 14 4.7 3.1 
22.5 574 620 654 678 692 705 686 64b 581 476 478 124.1 

11 12 13 13 13 14 13 12 11 14 39 4.6 
25.0 577 621 655 679 694 707 689 648 588 482 400 166.4 

11 12 13 13 13 14 13 13 11 14 14 6.7 
27.5 578 622 656 680 696 708 690 ,651- 589 490 413 240.8 

11 12 13 13 13 14 13 13 11 14 14 8.4 
30.0 578 623 658 681 697 no 692 653 593 498 426 337 

11 12 13 13 13 14 13 13 11 IS 13 12 
35.0 580 625 660 684 700 714 696 660 601 511 453 384 

11 12 13 ' 13 14 i'l4 13 13 12 15 13 12 
40.0 583 626 662 1'86, 702 717 700 664 608 526 471 399 

11 12 13 13 14 14, 14 13 12 15 14 16 
-lS .0 584 629 664 690 705 721 704 670 615 537 486 425 

11 12 13 l3. 14 14 14 13 12 16 14 12 
50.0 586 630 666 692 708 724 708 673 621 547 498 444 

11 12 13 13 14 14 14 13 12 44 40 36 
SS .0 SSg' 633 667 694 710 726 712 678 629 SSS S10 461 

11 12 13 13 14 14 14 13 12 45 41 37 
60.0' 590 635 670 697 713 729 715 682 634 566 525 476 

11 12 13 13 14 14 14 13 12 45 42 38 
65.0 592 638 673 699 715 733 718 688 639 574 535 489 

11 12 13 14 14 14 14 13 12 46 43 39 
70.0 597 639 674 702 718 735 721 691 645 582 546 499 

11 12 13 14 14 14 14 13 12 47 44 40 
75.0 599 641 675 705 720 738 725 696 643 589 5-54 511 

12 12 13 14 14 14 14 13 13 47 44 41 
80.0 599 645 677 707 723 739 729 699 653 598 564 521 

12 12 13 14 14 14 14 14 13 48 45 42 
85.0 601 646 680 706 726 742 732 702 659 604 571 532 

12 12 13 14 14 14 14 14 13 48 46 43 
90.0 604 648 681 710 728 745 735 707 665 611 578 544 

12 13 13 14 14 14 14 14 13 49 46 44 
95.0 608 650 685 713 731 748 739 711 669 615 SS6 553 

12 13 13 14 14 15 14 14 13 49 41 44 
100.0 609 650 686 116 735 749 742 715 672 624 594 561 

12 13 13 14 14 15 14 14 13 50 47 45 
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Table Ll. Critically evaluated exper.imental data reduced to a 
uniform grid--Continued 

T 425. 450. 475. 500. 550. 600. 650. 700. 750. 800. 

0.1 57.9 60.6 63.8 67.1 73.1 79.9 86.4 93.4 100.5 107.5 
1.2 1.2 1.3 1.3 1.5 2.4 ~.6 2.8 3.0 3.2 

0.5 58.5 61.4 64.5 67.7 74.0 80.5 87.2 93.8 100.9 108.0 
1.8 1.8 1.9 2.0 2.2 3.2 3.5 3.8 4.0 4.3 

1.0 58.6 61. 7 64.7 68.0 74.3 81.0 87.7 94.3 101.4 108.6 
1.8 1.9 1.9 2.0 2.2 3.2 3.5 3.8 4.1 4.3 

2.5 59.6 62 ~6 65.6 68.7 75.1 81.5 88.8 95.3 102.4 109.5 
1.8 1'.9 2 :0 2.1 2.3 3.3 3.6 3.8 4.1 4.4 

5.0 60.9 64.0 66.4 69.3 75.4 81.5 91.4 95.7 103.6 109.6 
1.8 1.9 2 .• 0 2.1 2.3 3.3 3.7 3.8 4.1 4.4 

7.5 64.0 66.7 69.5 73.3 80.0 87.3 96.4 101.0 108.1 112.4 
1.9 2.0 2.1 2.2 2.4 3.5 5.3 4.0 4.3 4.5 

10.0 67.4 69.4 72 .1 75.6 82.5 89.4 ·97.5 102.9 111.2 118.1 
2.0 2.1 2.2 2.3 2.5 3.6 4.6 4.1 5.1 5.2 

12.5 72.0 74.1 76.1 79.4 85.a '~ 90.7 97.9 102.9 109.9 116.3 
2.2 2.2 2.3 2.1 2.6 3.6 3.9 4.1 4.4 4 7 

15.0 77 .8 78.4 79.3 82.4 87 ;5 93.4 100.3 105.6 112.7 118.0 
2.3 2.4 2.4 2.5 2.6 3.7 4.0 4.2 4.5 4.7 

17.5 
I 

84.8 84.0 84.2 85.7 90.2 96.2 102.5 106.0 114.4 119.7 
2.5 ' 2.5 2.5 2.6 2.7 3.8 4.1 4.2 4.6 4.8 

20.0 03. , gO .8 90.1 91.6 94.9 9S.6 105.5 109.7; 116.R 1?? i 
2.8 2.7 2.7 2.7 3.0 3.9 4.2 4.4 4.7 4.9 

22.5 105.9 98.6 95.9 96.0 98.1 102.6 107.6 112.1 119.2 123.7 
3.2 3.0 2.9 2.9 2.9 4.1 4.3 4.5 4.8 4.9 

25.0 120.6 108.3 102.8 101.5 '~.o2'.3 105.7 110. '7 114.5 121.5 126.2 
3.6 3.2 3.1' 3.0 :; 1 4 , 4.4 4.n 4.9 5.0 

27.5 139.2 120.3 111.1 107.3 106.1 108.7 113.0 118.0 123.4 127.8 
6.3 3.6 3.3 3.2 3.2 4.3 4.5 4.7 4.9 5.1 

30.0 175.0 133.8 119.4 114.1 110.6 112.3 116.2 119.9 125.7 130.2 
8.1 4.0 ' 3.6 3.4 3.3 4.5 4.6 4.8 5.0 5.2 

35.0 260.5 '176.3 144.3 129.7 121.1 119.8 122.7 125.1 130.0 134.6 
7.8 5.5 4.3 3.9 3.6 4.8 4.9 5.0 5.2 5.4 

40.0 331 233.2 118.9 152.9 133.9 129.2 129.5 131.8 135.8 139.3 
11 7.2 ,5.5 4.6 4.0 5.2 5.2 5.3 5.4 5.6 

45.0 365 287 219.0 180.1 148.7- 138.5 136.4 137.7 141.1 144.5 
11 12 7.9 5.4 4.4 5.5 5.5 5.5 5.6 5.8 

SO .0 381 325 263 211 164 150 145 145 146 149 
30 26 21 17 13 12 12 12 12 12 

55.0 401 354 297 244 184 162 154 152 153 1S5 
32 28 24 20 15 13 12 12 12 12 

60.0 423 366 322 27i 207 176 164 159 159 161 
34 29 26 22 16 14 13 13 13 13 

65.0 438 387 332 299 228 191 175 168 166 167 
35 31 26 24 18 IS 14 13 13 13 

70.0 453 406 355 322 253 205 186 178 173 173 
36 32 28 26 21 16 15 14 14 14 

75.0 467 421 376 327 269 218 198 186 180 178 
37 34 30 26 22 17 16 15 14 15 

80.0 480 435 393 346 298 235 209 (196) (190) (185) 
38 35 31 28 34 19 17 16 15 15 

85.0 488 448 410 366 312 246 222 (206) (196) (194) 
39 36 33 29 33 20 18 17 16 15 

90.0 500 460 424 385 508 259 233 (215) (205) (201) 
40 37 34 31 25 21 19 17 16 16 

9.5.0 510 473 434 396 322 273 243 (226) (214) (207) 
41 38 35 32 26 22 19 18 Ii 17 

100.0 519 484 445 412 338 288 255 (236) (221 ) (215) 
42 39 36 33 27 23 20 19 18 17 
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Table 1. 2. Critically evaluated experimental data 

reduced to the vapor-pressure line 

T A' ±llA' A" ±lIA" 

0.00 O. 0006113 569 F 16.7 0.5 

0.01 0.0006117 565 11 16.7 0.5 

10 0.001228 584 12 17.4 0.5 

20 0.002339 602 12 18.1 0.5 

30 0.004246 617 12 19.0 0.6 
40 0.007381 631 13 19.7 0.6 
50 0.01234 642 13 20.4 0.6 
60 0.01993 652 13 21.2 0.6 
70 0.03118 660 13 22.2 0.7 
80 0.04737 669 13 23 .. 1 0.7 
90 0.07012 675 14 24.0 0.7 

100 0.1013 679 14 25.0 0.8 
110 0.1432 681 14 25.7 0.8 
120 0.1985 685 14 26.8 0.8 
130 0.2700 686 14 28.7 0.9 
140 0.3612 686 14 29.7 0.9 
ISO 0.4757 686 14 31.0 0.9 
160 0.6177 ,682 14 31.9 1.3 
170 0.7915 678 14 33.6 1.3 
180 1.002 674 13 35.2 1.3 
190 1.2:;4 670 13 37.2 1.2 
zoo 1.554 GG4 13 38.8 1.4 

210 1.906 654 IS 40.5 1.7 
220 2.318 643 13 43.2 1.3 
230 2.795 632 13 45.3 1.4 
240 3.345 626 12 47.9 1.4 
250 3.974 615 12 51.0 1.5 
260 4.689 602 12 54.2 1.6 
270 5.500 590 12 57.7 1.7 
280 6.413 577 11 61.3 1.8 
290 7.438 564 11 67.3 2.8 
300 8. 5/!4 547 11 73.2 3.8 
310 9.861 532 11 79.8 4.3 
320 11.28 512 10 88.3 4.8 
330 lZ.l!!:> 485 10 99.1 5.9 

340 14.59 455 14 116.7 .7.9 
350 16.52 447 14 138 11 
360 18.66 425 23 174 IS 
370 21.03 418 36 293 55 
371 21.28 429 38 ,331 62 
372 21.54 450 42 377 83 
373 21.80 520 50 464 141 
374 793 791 
374.15 914 .914 

Appendix 18 
Recommended Interpolating Equation 

for Industrial Use 
The values appearing in Tables 1.1 and 1.2 may be re

produced within the stated tolerances by the use of the fol
lowing empirical interpolating equation which is recom
mended for industrial use. This equation is not based on the 
scaling laws and yields a finite value at the critical point 
instead of the theoretically justified infinity. 

Here 
J denotes the thermal conductivity, 
p denotes density, 
T denotes absolute temperature on the 1968 Practical 

Temperature Scale, 
T * and p* denote numerical constants which are close 

to, but do not represent the corresponding critical constants, 
a j , bil Bil Cil and d j denote numerical constants listed 

later, 
Q, R, and S are specified functions of TIT * defined 

later. 

J =Jo+I +LlJ, 

where 

J = - a· -( 
T )1/2 3 ( T )i 

o T* i~O I T* ' 
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(1.1) 

(1.2) 

and 

Q = 2.0 + Cs(LlT*) -0.6, 

R = Q+ 1.0, 

S _ {(Ll T*) - 1.0 for T IT*> 1, 
- C6(LlT*)-O.6 for T IT* < 1, 

with 

LlT*= I~ -1.01 +C4 • 

Numerical values of the constants 

T* = 647.3 K 

p* = 317.7 kg/m3 

ao = 1.028 11 X 10-2 .W/K m 

a 1 = 2.99621 X 10-2 W /K m 

a2 = 1.56146X 10- 2 W/K m 

a3 = - 4.224 64X 10-3 W/K m 

bo = - 3.970 70x 10- 1 W/K m 

bl = 4.003 02x 10- 1 W/K m 

b2 = 1.060 00 W IK m 

B] = - 1.715 87X 10- 1 

B2 = 2.392 19 

d1 = 7.013 09X 10-2 W/K m 

d2 = 1.185 20X 10-2 W IK m 

d3 = 1.699 37 X 10-3 W IK m 

d4 = - 1.020 00 W IK m 

C 1 = 6.428 57 X 10- 1 

C2 = - 4.117 17 

C3 = - 6.17937 

C4 = 3.089 76X 10-3 

Cs = 8.229 94 X 10-2 

C6 = 1.009 32X 101 

(1.3) 

(1.4) 

(1.5) 

(1.6) 

(1.7) 

(1.8) 

{1.9) 

For preference, and to reproduce the values given in 
Appendix ID, the density should be computed with the aid 
of the 1967 IFC Formulation for Industrial Use. If another 
density formulation is used, a relative departure of ilp/ p 
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induces at most a relative departure ± LlA / A = 2Llp/ P out
side the near-critical region. 

Users should be aware of the fact that the above equa
tion is subject to exponential underflows which most com
puters set to zero; this causes no errors in the final result. 

The equation adopted in this Appendix is not the only 
possible, relatively simple empirical interpolation formula. 
An alternative form has been proposed by J. T. R. Watson of 
the National Engineering Laboratory at East Kilbride, 
Great Britain in Engineering Sciences Data Item No~ 78039 
(Engineering Sciences Data Unit; Lo~don~ 1978), Appendix 
A.4. 

Appendix Ie 
Recommended Interpolating Equation 

for Sclentlfl'c Use 

The values appearing in Tables 1.1 and 1.2 may also be 
reproduced within the stated tolerartces by the following al
ternative equation which incorporates in it the present-day 
understanding of the nature of the critical anomaly in ther
mal conductivity. In particular, the thermal conductivity be- , 
comes infinite at the critical point. 

Here 
A denotes the thermal condu~tivity (W /K/m), 
p denotes the density, 
T denotes absolute temperature on the 1968 Practical 

Temperature Scale, 
P denotes pressure, 
f-L denotes the dynamic viscosity as defined in the lAPS 

Release 011 the International Representation of Dynamic 
Viscosity of Water Substance, 1975, as amended in 1982 
(Pa·s), 

_ (p ) ( a(p/p*) ) 
XT - p* alP /P*) T 

is the reduced isothermal compressibility, T *, P *, and p* 
denote numerical constants which are close to, but do not 
represent the corresponding critical constants, C, ill, A, 
B, ak' bij are numerical constants listed below. 

{ 
p " 5 

A = AD exp p* j~O j~O bij 

X (T; 1 Y (:* 1 Yl + ~A, (1.10) 

where 

TABLE a. The coefficients a k 

aD = + 2.022 23 K m/W 
a1 = + 14.111 66 K m/W 
a2 = + 5.255 97 K m/W 
a3 = - 2.01870 K m/W 

_ ( T )112 [3 (T*)k]-1 Ao- - I ak - , 
T* k=O T 

LlA = ~ ( Tp* )2 ( alP / P *) )2 
f-L T*p a(T /T*) p 

XX~ {;. )112 

(1.11) 

Xexp ( -A (;. -I)' -B (;. -In 
(1.12) 

,Numerical values of the constants 

1'* = 647.27 K 

p* = 317.763 kg/m3 

p* = 22.115 MPa 

C = 3.7711 X 10-8 W Pa s/K m 

OJ = 0.4678 

A = 18.66 

B = 1.00 

To reproduce the values given in Appendix IE, the den
sity, the isothermal compressibility, as well as the partial 
derivative (ap /aT)p should be calculated with the aid of the 
Provisional lAPS Formulation 1982 for the Thermodynam
ic Properties of Ordinary Water Substance for Scientific and 
General Use; otherwise, a consistent formulation must be 
adhered to. However, the Recommended Interpolating 
Equation for Scientific Use should not be employed in con
junction with the 1967 IFC Formulation for Industrial Use. 
If another density formulation is used, a relative departure 
± ~p/ p induces at most a relative departure ± LlA / 

.It = 2I.lp/p, except for the near-critical region. 

TABLE h. The coefficients bij 

o 
1 
2 
3 
4 
5 

o 

+ 1.329304 6 
- 0.404 524 37 
+ 0.244 094 90 
+ 0.018660751 
- 0.129610 68 
+ 0.044 809 953 

+ 1.701 8363 
- 2.215 6845 
+ 1.651 1057 
- 0.767 36002 
+ 0.372 83344 
- 0.112 03160 

2 

+ 5.2246158 
- 10.124111 
+ 4.987 468 7 
- 0.272 976 94 
- 0.430 83393 
+ 0.13333849 

3 

+ 8.712 767 5 
- 9.5000611 
+ 4.378 6606 
- 0.91783782 

0.0 
0.0 

4 

- 1.852 5999 
+ 0.934 046 90 

0.0 
0.0 
0.0 
0.0 

J. Phys. Chem. Ref. Data, Vol. 13, No.3, 1984 
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Table 1.3. Smoothed values of the thermal conductivity of water substance obtained with the 
aid of the Recommended Interpolating Equation for Industrial Use, calculated over 
a uniforrngrid 

TEMPERATURE, °c 

0 2::; 50 75 100 150 200 250 300 350 

.1 562.0 607.6, 640.5 663.3 I 24.8 28.8 3:~. 4 ;38.3 43.5 49.0 

.5 562.2 607.8 ,,<40.7 663.5 677.7 663.6 I 34.2 38.8 43.<;> 4'7.3 
1.0 562.5 608.1 641.0 663.8 6ni.o 683.9 36.1 39.7 44.5 49.8 
2.5 563.4 608.9 641.8 664.6 678.8 68~; .0 664.2 I 43.9 46.8 51.5 
5.0 564.8 610.2 643.0 665.9 680.2 686.7 666.5 619.5 l53.0 55.2 
7.5 566.3 611.5 644.3 667.3 681.7 68'8.4 668.7 622.7 64.1 60.6 

10.0 567.7 612.8 645.6 668.6 683.1 690.0 670.8 625.8 548.2 I 68.6 12.5 569.2 614.l' 646.9 669.9 684.4 691.7 672.9 628.9 553.7 81.1 

cd 
15.0 5'10.6 615.4 648.2 671.2 685.8 c!.93.3 675.0 631.9 558.9 104.2 

c.. 17.5 572.1 1616.7 649.4 6,72.5 687.2 f..94.9 677.1 634.8 563.9 441.6 
:2: 20.0 573.5 618.0 650.7 6'13.8 688.5 696.5 679.2 637.7 568.6 453.8 

22.5 574.9 619.3 6:=:i1.9 675.0 689.9 698.1 681.2 640.5 573.2 464.3 
ga 25.0 576.4 620.5 653.2 676.3 691.2 699.7 683.1 64:3.2 577.5 473.'1 
~ 27.5 577.8 621.8 654.4 677.6 692.6 701.3 685.1 645.9 581'.8 482.3 
(/) 30.0 579.2 623.1 655.6 678.8 693.9 702.8 6B7.0 648.5 58~j.8 490.1 (/) 

~ 
35.0 582.0 625.6 658.0 681.3 696.5 70~.9 690.8 653.6 593.6 504.3 

p.. 40.0 584.8 628.1 660.5 61:13.8 699.'1 708.9 ~,94.5 658.5 600.9 516.8 
.. 5.0 507.6 6:30.6 662.6 6Bo.2 701.6 711.6 6~f8 .1 663.3 6()7.fI ~28.1 

50.0 590.4 633.0 665.2 688.6 704.1 714.7 701. 7 667.9 614.3 538.4 
55.0 593.1 635.4 667.6 691.0 706.6 717.6 705.1 672.4 620.5 547.9 
60.0 595.8 637.9, 669.9 f3.3 7()9.1 720.4 708.5 676.7 626.5 556.8 
65.0 596.5 640.3 672.2 (15.7 711.5 723.1 7il.9 6B<)'9 6~52. 2 565.1 
70.0 601.! 642.6 674.5 698.0 713.9 72~j.9 715.1 665.0 6:~7.7 572.9 
75.0 603.8 b45.0 676.7 7()O.3 716. :~ 728.6 71B.3 689.0 642.9 580.3 
1:10.0 606.3 64'7.4 679.0 702.5 718.6 731.2 721.:':; 692.9 648.0 5B7.3 
85.0 608.9 649.7 681.2 70 4.8 721.0 733.9 'n4.6 6'16.'7 653.0 593.9 
90.0 611'.4 652.0 6f.1:5.4 707.0 723.:3 736.5 727.6 700.4 6~)7. 7 600. ~5 
95.0 613.9 654.3 685.6 709.2 725.6 739.0 7~50. 6 '704.1 6b2.4 606.4 

100.0 616.3 oSb.6 6B'7.8 711.4 727.8 '741.6 7:53.6 707.6 666.9 612.3 

TEMPERATURE, °c 

400 425 450 475 500 550 600 650 '100 750 

.1 54.7 57.7 60.7 '63.8 66.9 73.3 79.9 86.7 93.6 100.6 

.5 55.0 58.0 61.0 64.0 67.2 73.5 80.1 86.9 93.13 100.8 
1.0 55.4 58.4 61.3 64.4 67.5 73.9 BO.4 E17.2 94.0 101.0 
2.5 :;:'6.1:1 :;:''7'.6 b2.:j 6::1.::' b8.6 74.'1 IB.4 88.0 '14.'1 101.6 

5.0 59.5 62.1 64.8 67.6 70.6 76.7 83.0 89.6 96.3 103.2 
7.5 62.9 65.1 6'7. :5 70.1 72.8 78.7 84.8 91.2 97.8 104.6 

10.0 67.3 68.6 70.6 72.8 75.3 80.8 86.8 93.0 99.5 106.1 
12.5 72.8 73.0 '74.2 76.0 78.2 83.2 88.9 94.9 101.2 107.7 

cO 15.0 80.0 78.3 '7B.5 '79.7 81.4 85.9 91.1 96.9 103.0 109.4 
c.. 17.5 89.6 85.0 83.7 83.9 85.0 88.8 93.6 99.1 105.0 111.2 
:2: 20.0 103.4 93.4 89.8 88.8 89.1 91.9 96.2 101.4 107.0 113.1 

22.5 124.3 104.3 97.2 94.5 93.8 95.4 99.1 103.8 109.2 l1S.0 

~ 25.0 159.7 118.9 106.3 101.1 99.1 99.3 102.2 106.4 Ui.S 117.0 
~ 2'1.5 234.5 138.9 117.6 108.9 105.1 103.5 105.5 109.2 113.9 119.2 
(/) 

30.0 326.0 167.0 131.6 118.1 111.9 108.1 109.0 112.1 116.4 121.4 (/) 

~ 35.0 372.6 254.6 170.9 141.7 128.6 118.6 116.9 118.5 121.8 12b.2 
A. 40.0 398.8 320.2 226.0 173.5 149.9 131.2 125.9 125.7 1.27.8 131.3 

45.0 420.4 354.6 278.0 212.7 176.1 146.0 ;1.36.2 133.6 B4.3 136.9 
so.o 438.8 379.7 315.3 2~'il. 9 205.8 1.63.0 147.6 142.3 141.4 142.9 
:::i:::i.0 4::;4.6 400.6 3~2.a 26:';.2 236.6 161.'7 160.3 1:::;1.0 14'7.0 1-49.3 

60.0 469.0 418.6 365.4 312.4 264.6 202.1 174.() 162.0 157.2 156.2 
65.0 481.8 434.6 384.8 335.3 289.4 222.6 188.7 172.8 165.8 163.3 
70.0 493.5 448.9 401.9 355.1 311.2 242.7 203.9 184.3 174.9 170.9 
75.0 504.2 461.9 417.3 372.8 330.6 261.8 21';>.4 1.96.:~ 1.84.4 178.7 
90.0 514.Q 473.9 4::U.3 399.7 349.Q :'179.9 234,9 208.5 194.2 11~"'. 9 
85.0 523.5 484.9 444.2 403.2 364.1 296.8 249.9 221.0 204.3 195.2 
90.0 532;3 495.2 4~)6.1 416.6 378.8 312.7 21..4.4 233.4 214.6 203.8 
95.0 540.6 504.9 46'1.2 429.0 392.3 327.6 27B.5 245.8 225.0 212.S 

100.0 548.4 514.0 477.6 440.6 404.8 341.7 292.1 257.9 235.6 221.;5 
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51.8 
~.2.1 

52.6 
54.1 
5701 
61.1 
66.4 
73.7 
84.5 

103.2 
145.5 
498.6 
386.3 
4()5.~j 

420.6 
443.9 
462.4 
~78.() 

491. 7 
503.9 
515.1 
5~~5. ~3 
534.13 
54:5.6 
5:7i1.9 
559.8 
567.2 
~j'74. 2 
581.0 

800 

107.7 
107.9 
108.1 
l()B." 
110.2 
111.5 
112.9 
114.4 
116.0 
117.6 
119.3 
121.1 
123.0 
124.9 
126.9 
131.2 
13ti.B 
140.'7 
145.9 
151,.5 
157.3 
163.5 
169.9 
176.7 
1R3.h 
1(,0. '7 
19B.0 
205.5 
213.0 
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Appendix 10 
Table 1.3. Smoothed values ofthe thermal conductivity 

of water substance obtained with the aid of the Recommend
ed Interpolating Equation for Industrial Use, calculated 
over a uniform grid. 

Thermal conductivity, A, in 'm W IK m. 
Pressure P in MPa. 
Temperature Tin °e. 
Smoothed valnes. oht.ained with the aid ofEqs. (1.1 )-(1. 9) 

of Appendix IB together with the consta~ts listed therein, 
and density values based on the 1967 IFC Formulation for 
Industrial Use. 

(Note: The tabular entries contain more significant dig
its than is justified by the tolerances listed in Table 1.1 to 
assist in p,rogramming.) 

TABLE 1.4. Smoothed values of the thermal conductivity of-water substance 
obtained with the aid of the Recommended Interpolating Equa-
tion for Industrial Use,calculated along the vapor-pressure line 

T p A' I!." 

0.00 0.0006108 561.95 16.49 
0.01 0.0006112 561.97 16.49 

10.00 0.001227 581.94 ilil 
20.00 0.002337 599.61 17.95 
30.00 0.004241 615.05 18.70 
40.00 0.007375 628.62 19.48 
50.00 0.01233 ' 640.47 2d.28 
60.00 0.01992 650.75 21.10 
70.00 0.03 II 6 659.49 21.90 
80.00 0.04736 666.75 22.86 
90.00 0.07011 672.80 23.80 

100.00 0.1013 677.46 24.79 
110.00 0.1433 680.91 25.84 
120.00 0.1985 683.29 26.96 
130.00 0.2701 684.47 28.15 
140.00 0.3614 684.50 29.42 
150.00 0.4760 683.54 30.77 
160.00 0.6181 681.57 32.22 
170.00 0.7920 678.46 33.77 
180.00 1.003 674.47 35.42 
190.00 1.255 669.41 37.20 
200.00 1.555 663.37 39.10 
210.00 1.908 656.35 41.14 
220.00 2.320 648.29 43.35 
230.00 2.798 639.31 45.74 
240.00 3.348 629.22 48.34 
250.00 3.978 618.11 51.18 
260.00 4.694 605.93 54.33 
270.00 5.506 592.56 57.84 
280.00 6.420 578.00 61.82 
290.00 7.446 :.'562.22 66.40 
300.00 8.593 545.01 71.78 
310.00 9.870 526.40 78.26 
320.00 11.29 506.27 86.34 
330.00 12.86 484.49 96.93 
340.00 14.60 461.10 111.79 
350.00 16.53 436.27 134.59 
360.00 18.67 411.84 176.79 
370.00 21.05 416.36 306.42 
371.00 21.31 429.03 342.42 
372.00 21.56 454.72 396.08 
373~00 21.82 517.54 490.23 
374.00 22.08 756.50 739.61 
374.15 22.12 833.52 830.49 

Table 1.4. Smoothed values of the thermal conductivity 
of water substance obtained with the aid of the Recommend
ed Interpolating Equation for Industrial Use, c~lculated 
along the vapor-pressure line. 

Thermal conductivity of saturated vapor, A. " , and ther-
mal conductivity of saturated liquid, A / in m W IK m. 

Pressure P in MPa. 
Temperature Tin 0c. 
Smoothed values obtained with the aid 9fEqS. (I~ 1 )-(1.9) . 

of Appendix IB togetlier with the constants listed therein, 
and density values based on the 1967 IFe Formulation for 
Industrial Use. 

(Note: The tabular entries contain more significant dig
its than is justified by the tolerances listed in Table 1.2 to 
assist in programming.) 

Appendix IE 
Table 1.5. Smoothed values of the thermal conductivity 

of water substance obtained with the aid of the Recommend
ed Interpolating Equation for Scientific Use. calculated over 
a uniform grid. 

Thermal conductivity A in m W /K m. 
Pressure P in MPa. 
Temperature Tin °e. 
Smoothed values obtained with the aid of Eqs. (1.10)

(1.12) of Appendix Ie together with the constants listed 
therein. and density values as well the values of thermody
namic derivatives based on the Provisional lAPS Formula
tion 1982 for the Thermodynamic Properties of Ordinary 
Water Substance for Scientific,and General Use. Viscosity 
values from lAPS International Representation of the Dy
namic Viscosity of Water Substance, 1975 as amended in 
1982. 

(Note: The tabular entries contain more significarit dig
its than is justified by the tolerances listed in Table 1.1 to 
assist in programming.) 

Table 1.6. Smoothed values of the thermal conductivity 
atwater substance obtained with the aid of the Recommend
ed Interpolating Equation for Scientific Use, calculated 
along the vapor-pressure line. 

Thermal conductivity of saturated vapor, A /1, and ther-
mal conductivity of saturated liquid, A / in m W IK m. 

Pressure P in MPa. 
Temperature Tin °e. 
Smoothed values obtained with the aid of Eqs. (1.10)

(1.12) of Appendix Ie together with the constants listed 
therein, and density values as well as the values of thether
modynamic derivatives based on the Provisional lAPS For
mulation 1982 for the Thermodynamic Properties of Ordi
nary Water Substance for Scientific and General Use. 
Viscosity values from lAPS International Representation of 
the Dynamic Viscosity of Water Substance, 197~, as amend
ed in 1982. 

(Note: The tabular entries contain more significant dig
its than is justified by the tolerances listed in Table 1.2 to 
assist in programming.) 

J. Phys. Chern. Ref. Data, Vol. 13, No.3, 1984 



924 SENGERS ET AL 

Table 1.5. Smoothed values of the thermal conductivity of wa~er ,substance obtained with 
the aid of the Recommended Interpolating Equation for Scientific Use, calculated 
over a uniform grid 

TEMPERATURE, °c 

o 25 50' 75 100 150 200 250 300 350 375 

"r--------------------,---------------
.1 
.5 

1.0 
2.5 
5.0 
7.5 

10.0 
12.5 
15.0 
17.5 
20.0 
22.5 
25.0 
27.5 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
9~j.0 

100.0 

561.0 
561.2 
561.5 
5,62.4 
563.7 
565.1 
566.5 
'567.9 
569.3 
570.6 
572.0 
57~5. 4 
574.8 
576.1 
577.5 
580.2 
582.9 
585.5 
588.1 
590.7 
593.3 
595.8 
598.3 
600.7 
603.1 
605.5 
607~8 
610.0 
612.2 

607.2 
607.4 
607.6 
608.3 
609.4 
610.5 
611.7 
612.8 
613.9 
,615.1 
616.2 
617.3 
618.5 
619.6 
620.8 
623.0 
625.3 
627.5 
629.8 
632.0 
634.2 
636.4 ' 
63B.6 
640.8 
642.9 
645.1 
647.2 
649.3 
651.3 

643.6 
643.7 
644.0 
644.', 
645.8 
647.0 
648.2 
649.3 
650.5 
651.6 
652.8 
654.0 
65'5.1 
656.3 
657.4 
659.8 
662.1 
664.4 
666.7 
668.9 
671.2 
673.5 
675.7 
678.0 
680.2 
682.4 
684.6 
686.8 
688.9 

666.8 
66'7.0 
667.2 
668.0 
669.2 
670.5 
671.7 
6'73.0 
674.2 
675.5 
6'76.7 
678.0 
6'19.2 
680.4 
681.7 
684.1 
686.6 
689.1 
691.5 
693.9 
696.3 
898.7 
701.1 
703.5 
705.9 
708.2 
710.5 
712.9 
715.2 

"="--------_ ....... __ ._----------_._-_._'--

.1 

.5 
1.0 
2.5 
5.0 
7.5 

10.0 
12.5 
15.0 
17.5 
20.0 
:22.5 
25.0 
27.5 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 

100.0 

400 

54.76 
55.13 
55.61 
57.15 
60.06 

63.56 
67.89 
73.40 
80.69 
90.71. 

105.5 
128.6 
169.3 
249.1 
330.1 
384.5 
414.0 
435.0 
451.6 
465.5 
477.7 
488.6 
498.7 
508.0 
516.8 

533.1 
540.7 
548.0 

425 

57.74 
sa.08 
58.51 
59.89 
62.4'1 
65.54 
69.19 
73.63 
79.13 
AA.10 
95.12 

107.1 
123.2 
145.5 
176.3 
259.4 
323.3 
363.4 
391.5 
412.8 
.. 30.0 
444.5 
457.1 
468.3 
478.5 
497.9 
496.6 
'504.9 
512.7 
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450 

60.77 
61.08 
61.48 
62.75 
6:5.10 

67.82 
71.00 
74.73 
79.19 
A4.!'t4 
91.04 
99.01 

108.8 
121.0 
136.0 
176.5 
227.6 
276.3 
315.6 
346.5 
371.2 
391.4 
408.5 
423.1 
436.0 
447.5 
457.9 
467.4 
476.3 

475 

63.85 
64.14 
64.51 
65.69 
67.86 
70.33 
73.17 
76.43 
80.20 
A4."iA 
89.70 
95.70 

102.7 
111.0 
120.6 
144.9 
175.8 
211.3 
247.0 
279.6 
308.0 
332.5 
353.6 
371.9 
388.0 
402.2 
414.9 
4~!6.4 
436.9 

2~j.Of;l 

679.3 
679.6 
680.4 
681.8 
683.2 
684.5 
685.9 
607.2 
688.6 
690.0 
691.3 
692.7 
694.0 
6';'5.3 
698.0 
700.'7 
703.3 
706.0 
708.6 
711.2 
713.8 
716.4 
719.0 
721.5 
724.1 
726.6 
729.1 
731.6 

28.85 
682.1 
682.4 
683.4 
685.1 
686.B 
688.5 
690.2 
691.8 
693.5 
695.1 
696.8 
698.4 
700.1 
701.7 
70~.9 
708.2 
711.4 
714.6 
717.7 
720.9 
724.0 
727.2 
730.3 
733.4 
736.4 
739.5 
'742.6 
745.6 

672.8 
674.9 
677.0 
679.1 
6Bl.2 
683.2 
685.3 
6B7.3 
691.3 
695.3 
699.3 
703.2 
707.0 
710.9 
714.7 
718.5 
722.2 
726.0 
729.7 
733.4 
737.1 
740.7 

TEMPERATURE, °c 

500 

66.97 
67.25 
67.60 
68.71 
70.74 
73.03 
75.61 
78.54 
81.85 
95.1:.1 
89.89 
94.75 

100.3 
106.6 
113.7 
130.7 
151.6 
176.0 
202.7 
229.7 
2:i:i.6 
279.6 
301.5 
321.3 
339.1 
355.2 
369.8 
383.0 
395.1 

550 

73.35 
73.61 
73.93 
74.94 
76."1<7 

78.84 
81.11 
83.62 
86.39 
R9.A"i 
92.82 
96.51 

100.6 
105.0 
109.8 
120.8 
133.5 
147.9 
163.7 
180.6 
1'18.0 
215.4 
232.4 
248.9 
264.5 
279.4 
293.5 
306.8 
319.3 

600 

79.89 
80.13 
80.44 
81.39 
63.13 
85.04 
87.14 
89.43 
91.92 
Q4.,t,~ 

97.57 
100.7 
104.1 
107.8 
111.7 
120.3 
130.0 
140.6 
152.1 
164.3 
177.0 
189.9 
202.7 
215.3 
227.5 
239.3 
250.6 
261.4 
271.8 

38.17 

625.9 
629.0 
632.0 
635.0 
637.9 
640.8 
643.6 
646.3 
649.1 
651.8 
657.0 
662.2 
667.2 
672.1 
676.9 
681.6 
686.3 
690.8 
695.3 
699.8 
704.2 
708.6 
712.9 
717.2 

650 

86.57 
86.80 
87.09 
88.01 
6<7.67 
91.49 
93.47 
95.63 
97.96 

100.5 
103.2 
106.0 
109.1 
112.4 
115.8 
123.3 
131.5 
140.3 
149.8 
159.8 
170 • .1 
180.6 
191.0 
201.4 
211.5 
221.') 
230.6 
239.'5 
248.0 

43.42 
44.09 
44.95 

576.2 
580.7 
585.0 
589.1 
597.1 
604.6 
611.7 
618.5 
625.1 
631.~5 

637.4 
643.2 
648.9 
654.5 
659.9 
665.1 
670.3 
675.4 

700 

48.96 
49.44 
50.06 
52.06 
55.99 
61.06 
68.10 
79.15 

100.9 
452.5 
463.3 
472.8 
481.4 
489.1 
496.3 
509.3 
521.0 
531.8 
541.7 
551.0 
559.7 
568.0 
5'75.9 
583.4 
590.6 
597.5 
604.2 
610.6 
616.8 

750 

51.83 
52.25 
52.79 
54.52 
57.87 
62.00 
67.35 
74.68 
85.54 

103.7 
142.3 
441.5 
411.4 
425.8 
438.0 
457.5 
473.2 
4B6.6 
498.5 
509.4 
519.4 
528.8 
'537.7 
546.1 
554.1 
561.7 
569.1 
576.2 
583.0 

800 

93.37 100.3 107.3 
93.59 100.5 107.5 
93.87 100.8 107.8 
94.75 101.6 108.5 
<76.3~ 103.1 10~.<7 

98.08 104.8 111.5 
99.97 106.5 113.2 

102.0 108.5 115.0 
104.2 110.6 116.9 
101:..6 112.8 119.0 
109.1 115.2 121.2 
111.8 117.7 123.5 
114.6 120.3 126.0 
117.6 123.1 128.6 
120.7 126.0 131.3 
127.5 132.2 137.0 
134.8 138.8 143.1 
142.6 145.9 149.6 
150.9 153.4 156.4 
159.6 161.2 163.4 
loet~ !69.! !70.6 

195.6 193.3 19~.4 
204.4 201.1 199.6 
~12.9 ?09.9 ?OA."i 
221.1 216.1 213.1 
228.8 223.1 219.5 
236.2 229.7 225.5 

~~~:* ~~~:i ~~;':~J 

------ --_._-------......... ~-



EQUATIONS FOR THE THERMAL CONDUCTIVITY OF WATER SUBSTANCE 925 

TABLE 1.6. Smoothed values of the thennal conductivity of water substance 
obtained with the aid of the Recommended Interpolating Equa-
tion for Scientific Use, calculated along the vapor-pressure line 

T p A.' A." 

0.00 0.0006113 560.97 17.07 
0.01 0.0006117 560.99 17.07 

10.00 0.001228 580.00 I 17.62 
20.00 0.002339 598.41 18.23 
30.00 0.004246 615.43 18.89 
40.00 0.007381 630.54 19.60 
50.00 0.01234 643.52 20.36 
60.00 0.01993 654.32 21.19 
70.00 0.03118 663.08 22.07 
80.00 0.04737 669.99 23.01 
90.00 0.07012 675.27 24.02 

100.00 0.1013 679.12 25.09 
110.00 0.1432 681.72 26.24 
120.00 0.1985 683.22 27.46 
130.00 0.2700 683.73 28.76 
140.00 0.3612 683.34 30.14 
150.00 0.4757 682.08 31.59 
160.00 0.6177 680.00' 33.12 
170.00 0.791:; 677.10 34.74 
180.00 1.002 673.38 36.44 
190.00 1.254 668.82 38.23 
200.00 1.554 663.39 40.10 
210.00 1.906 657.06 42.07 
220.00 2.318 649.77 44.15 
230.00 2.795 641.44 46.35 
240.00 3.345 632.01 48:70 
250.00 3.974 621.37, 51.22 
260.00 4.689 609.44 53.98 
270.00 5.500 596.14 57~04 

280.00 6.413 581.39 60.51 
290.00 7.438 565.21 64.57 
300.00 8.584 547.67 69.47 
310.00 9.861 528.97 75.59 
320.00 11.28 509.38 83.57 
330.00 . 12.85 489.21 94.47 
340.00 14.59 468.65 110.23 
350.00 16.52 447.76 134.80 
360.00 18.66 427.47 178.49 
370.00 21.03 428.78 301.23 
371.00 21.28 439.31 337.21 
372.00 21.54 462.76 397.42 
373.00 21.80 545.42 538.28 

Appendix IF 
speCial Committee Membership 

Dr. A. A. Aleksandrov (USSR) 
Dr. P. Bury (France) 
Mr. R. C. Hendricks (USA) 
Professor J. Kestin (Chairman) (USA) 
Professor T. Minamiyama (Japan) 
Professor A. Nagashima (Japan) 
Dr. M. Reimann (FRG) 
Mr. K. Scheffler (FRG) 
Dr. J. Straub (FRG) 
Professor A~ A. Tarzimanov (USSR) 
Professor B. Vodar (France) 
Professor J. V. Sengers (USA) 
Mr. J. T. R. Watson (UK) 
~r.J. :rata (Japan) 

Appendix II 
~Iternative Thermal Conductivity Equation 

for Scientific Use 
The term AiT, p) in Eq. (3.4) is related to the viscosity f-l 

as indicated by Eqs. (3.8) and (3.12). In calculating .,liT, p), 
the viscosity is represented by the international equation for 
the viscosity 

(11.1) 

with the functionsf-lo(T) andf-l1(T, p) as defined by Eqs. (3.9) 
and (3.10). However, Watson and co-workers proposed an 
improved interpolating equation for the viscosity in which 
the function,aol'T) is still identical to the one defined by Eq. 
(3.9), but in which the functionf-lt(T,p) is replaced bys2,w2 

[ 

5 6 

f11Cf',P} = exp p i~Oj~O at) 

(
1 )i oJ X T -1 (p -IY , (11.2) 

with coefficients aij given in Table II. I. The alternative func
tionf-ll(T, p) as defined by Eq. (11.2) has the same mathemat
ical form as the international function #1 (1', p) as defined by 
Eq. (3.10), but Eq_ (IL2) proposed by Watson et aJ. has only 
19 nonzero coefficients a i} as opposed to the 30 nonzero coef
ficients bt in Eq. (3.10). The viscosity Eq. (11.1) with f-lo(T) 
defined by Eq. (3.9) andf-ll(T,p) defined by Eq. (11.2) is yalid 
in the range W2 : 

P<500 MPa for 0 °C<T<150 DC, 

P<350 MPa for 150 °C<T<600 DC, (11.3) 

P<300 MPa for 600 °C<T<900 dc. 
An alternative thermal conductivity equation for scien

tific use is obtained if the term AiT, p) in Eq. '(3.4) is calculat
ed from Eq. (3.12), but with the function f-l1(T, p) as defined 

TABLE II.1. Coefficients 0ij for Illf,p) as defined by Eq. (II.2) 

j 0ij 

0 0 000 0.513204 7 
1 0 °10 0.3205656 
4 0 040 = - 0.778 256 7 
5 0 n,so = O_l~~ 544 7 

0 001 = 0.2151778 
1 °Il 0.731 788 3 
2 °21 1.241044 
~ fi),= 1.476783 

0 2 002 = - 0.281810 7 
1 2 012 = - 1.070786 
2 2 022 = - 1.263 184 

0 0 03 = 0.177 8064 
1 0J3 = 0.460 5040 
2 °23 = 0.2340379 
3 0 33 = - 0.492 417 9 

0 4 004 = - 0.041 766 10 
3 4 °34 = 0.1600435 

1 5 015 = - 0.015783 86 
3 6 036 = - 0.003 629 481 

Note: Coefficients a ij omitted from the table are all equal to zero identically. 

J. Phys. Chern. Ref. Data, Vol~ 13, No.3, 1984 



926 SENGERS ET Al. 

Table 11.2. Smoothed values of the thermal conductivIty o~ water substance calculated from 
the alternative interpolating equation for scientific use with densities from the 
lAPS 82 formulation (A in 1O- 3W m-1K- 1), 

TEMPERATURE, °c 

0 25 50 75 100 150 200 250 300 350 375 

.1 
• ..J 

1.0 I 561.0 607.2 643.6 666.8 J 25.08 28.85 33.28 38.17 43.42 48.96 51.83 
561.2 607.4 643.7 667.0 679.3 "682.1 j 34.93 39.18 44.09 49.44 52.25 
561.5 607.6 644.0 .667.2 679.6 682.4 ;p.21 40.51 44.95 50.06 52.79 

'2.5 
5.0 

562.4 608'.3 644.7 668.0 680.4 683.4 664.2 l 45.16 47.82 52.06 54.52 
563.7 609.4 645.8 669.2 b81.8 685.1 666.4 622.7 I 53.86 55.99 57.87 

7.5 
10.0 
12.5 
15.0 

565.1 , 610.5 647.0 , 670 • 5 683.2 686.8 668.6 625.9 63.12 \ .'.0. 62.00 
566.5 611.7 648.2 671.7 684.5 688.5 670.7 629.0 550.9 68.11 67.35 
567.9 612.8' b49.3 673.0 685.9 690.2 672.8 632.0 556.5 79.15 74.68 
569.3 613.9 650.5 674.2 687.2 691.8 674.9 635.0 561.8 100.9 85.53 

17.5 570.6 615.1 651.6 675.5 688.6 693.5 677.0 637.9 566.8 452.3 103.7 
cd 20.0 572.0 616.2 652.8 676.7 690.0 695.1 679.1 640.8 571.6 463.3 142.1 

0.. 22.5 :E 
25.0 

573.4 617.3 654.0 678.0 691.3 696.8 681.2 643.6 576.2 472.8 440.3 
574.8 618.5 655.1 679.2 692.7 698.4 683.2 646.3 580.7 481.3 411.2 

u.l 27.5 576.1 619.6 656.3 680.4 694.0 700.1 685.3 649.1 585.0 489.1 425.7 
0::: 3C~0 
~ 
Cf) 35,() 

577.5 620.8 657.4 681.7 695.3 701.7 b87.3 651.8 589.1 496.3 437.9 
580.2 623.0 659.8 684.1 698.0 704.9 691.3 657.0 597.1 509.3 457.4 

Cf) 4(:·,0 
U..l 
0::: 4;,.0 

582.9 625.3 662.1 
!' ,!~*:~ 700.7 708.2 695.3 662.2 604.6 521.0 473.1 

585.5 627.5 664.4 703.3 711.4 699.3 667.2 611.7 531.7 486.5 
0.. 50.0 588.1 629.8' '666.7 691.5 706.0 714.6 703.2 672.1 618.5 541.7 498.4 

55.0 590.7 632.0 668.9 693.9 708.6 717.7 707.0 676.9 625.1 551.0 509.3 
60.0 593.3 634.2 671.2 ,696.3 711.2 720.9 710.9 681.6 631.3 559.7 519.4 
65.0 595.8 . 636.4 673.5 698.7 713.8 724.0 714.7 686.3 637.4 568.0 528.8 
70.0 598.3 638.6 675.7 701.1 716.4 727.2 718.5 690.8 643.2 575.9 537.6 
75.0 600.7 640.8 678.0 703.5 719.0 730.3 722.2 695.3 648.9 583.4 546.1 
80.0 603.1 642.9 680.2 705.9 721.5 733.4 726.0 699.8 654.5 590.6 554.1 
85.0 605.5 645.1 682.4 708.2 724.1 736.4 729.7 704.2 659.9 597.5 56'1.7 
'90.0 607.8 647.2 684.6 710.5 726.6 739.5 733.4 708.6 665.1 604.2 569.1 
95.0 610.0 649.3 686.8 712.9 729.1 742.6 737.1 712.9 670.3 610.6 576.1 

100.0 612.2 651.3 688.9 715.2 731.6 745.6 740.7 717.2 675.4 616.8 583.0 

TEHPERATURE, °c 

~ 400 425 450 475 500 550 600 650 700 1:;)0 1:100 

I~ 

.1 54.76 57.74 60.77 63.85 66.97 73.35 79.89 86.57 93.37 100.3 107.3 

.5 55.13 58.08 61.08 b4.14 67.25 73.61 80.13 86.80 93.59 100.5 107.5 

1.0 :;.:::,. 61 ::'l:f.::H 61.~1:I 64.:::n 67.60 73.'13 80.44 87.09 93.07 100.0 107.9 

2.5 57.15 59.89 62.75 65.69 68.71 74.94 81.39 88.01 94.75 101.6 108.5 

5.0 60.06 62.49 65.10 67.86 70.74 76.79 83.13 89.67 96.34 103.1 109.9 

7.5 63.56 65.54 67.82 70.33 73.03 78.84 85.04 91.49 98.08 104.8 111.5 

10.0 67.89 69.19 71.00 73.16 75.61 81.11 87.14 93.47 99.97 106.5 113.2 

12.5 

I 

73.40 73.b3 7'1.73 74..43 79.5'3 93.b'.J R9 • .4~ 95.;1.3 102.0 108.5 115.0 

15.0 80.68 79.13 79.18 80.20 81.85 86.39 91.92 97.96 104.2 110.6 116.9 

C'J 17.5 90.74 86.10 84.54 84.58 85.61 89.45 94.63 100.5 106.6 112.8 119.0 
0.. 20.0 105.4 95.11 91.03 89.70 89.89 92.81 97.57 103.2 109.1 115.2 121.2 
:2 22.5 128.5 107.0 98.99 95.69 94.75 96.51 100.7 106.0 111.8 117.7 123.5 

'" 25.0 169.0 123.1 108.8 102.7 100.3 100.6 104.1 109.1 114.6 120.3 126.0 

~ 27.5 248.4 145.4 121.0 111.0 106.6 105.0 107.8 112.4 117.6 123.1 1;l1:l.6 
~ 30.0 329.7 176.1 136.0 120.6 113.7 109.8 111.7 115.8 120.7 126.0 131.3 
tI) 

35.0 384.5 259.3 176.4 144.8 130.7 120.8 120.3 123.3 127.5 132.2 137.0 
tI) 
J.Ll 40.0 414.0 323.5 227.7 175.8 151.6 133.5 130.0 131.5 134.8 138.8 143.1 
~ 211.5 176.1 147.9 140.6 140.3 142.6 145.9 149.6 . 
0.. 45.0 435.0 363.6 276.6 

!:JO.O 4::'1.::' 3'i'1.::1 31::;.8 247.3 .202.8 163.7 152.1 1-4?O 150.9 153.4 154..4 

55.0 465.4 412.8 346.6 279.8 229.9 180.6 164.3 159.8 159.6 161.2 163.4 

60.0 477.6 429.9 371.2 308.2 255.9 198.1 177.0 170.1 168.5 169.1 170.6 

65.0 488.5 444.3 391.4 332.6 279.9 215.5 189.9 180.6 177.6 177.2 177.9 

70.0 498.6 456.9 408.3 353.6 301.7 232.5 202.7 191.0 186.7 185.3 185.2 

75.0 507.? -468.1 422 .. 9 371.9 321.4 249.0 21·:;'~ ?Ot.4 195.6 193.3 192.4 

BO.O 516.7 478.3 435.7 387.8 339.1 264.6 227.5 211.5 204.4 201.1 199.6 

85.0 525.1 487.7 447.2 402.0 355.1 279.5 239.3 221.2 212.9 208.8 206.5 

90.0 533.0. 496.4 457.6 414.6 369.6 293.5 250.6 230.6 221.1 216.1 213.1 

95.0 540.6 504.7 467.1 426.1 382.7 306.8 261.5 239.5 228.8 223.1 219.5 

100.0 547.9 512.6 476.0 436.5 394.8 319.2 271.8 248.0 236.2 229.7 225.5 
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by Eq. (II.2). This alternative thermal conductivity equation 
for scientific use is included in the set of interpolating equa
tions for the thermophysical properties of fluid H20 recom-
mended by Kestin et al. K4 ' 

An examination of this'alternative thermal conductiv
ity equation for scientific use is documented in a technical 
report. K5 It covers the saine range pf temperatures and pres
sures, Eq. (4.17), as the international thermal conductivity 
equation for scientific use. 

Values for the thermal conductivity A. calculated from 
this alternative thermal conductivity equation for scientific 
use over a uniform grid of pressures and temperatures are 
presented in Table 11.2. The values are very close to the val
ues calculated froTh the international thermal conductivity 
equation for scientific use given in Table 5 of Appendix I. We 
present'Tahle II.2 fOf those users who want to check thelf 
computer program when using this alternative form of the 
thermal conductivity equa'tion for scientific use. 

Appendix III 
Thermal Conductivity in the Immediat~ 

Vicinity of the Critical Point 
A calculation of the thermal conductivity and related 

properties, such as the Prandtl number and thermal diffusi
vity in the immediate vicinity of the critical point is compli
cated by the fact that A, J.l, X n C p' and Cv all ~iverge at the 
critical point. Since the actual temperature a~ which these 
properties become infinite will depend on the specific critical 
temperature implied by the: representative equation used fUl' 
the thermodynamic surface, we prefer to consider these 
properties near the critical point as functions of the tempera
ture difference AT = T - Tc ' where Tc is the critical tem
perature of the equation of state used in the calculation of the 
thennal conductivity A from Eq. (3.4). 

The calculation of the viscosity J.l in the immediate vi
cinity of the critical PUilll was uiscusseu in preceding pa
pers.S2

,W2 Therefore, we restrict the discussion here to the 
behavior of the thermal conductivity A in the vicinity of the 
critical point. In Fig. 20 we show the thermal conductivity in 
the critical region as a function of density at selected values 
of.d T = T - Tc as calculated from Eq. (3.4) in conjunction 
with the lAPS 82 fonnulation. As can be seen from Fig. 20, 
the thermal conductivity thus calculated displays improba
ble features at the isothenn closest to the critical tempera
ture; at.a T = 0.01 K the maximum critical enhancement in 
A has shifted to a density well below the critical density p.". 
The lAPS 82 formulation for the thermodynamic properties 
of water substance is analytic at the critical point. The mod
em theory of critical phenomena asserts that analytic equa
tions cannot accomodate the divergent critical behavior of 
the thermodynamic surface correctly.S27 To alleviate this 
difficulty Haar and co-workers incorporated in their analyt
!.c equation Gaussian-shaped deviation functions which led 
~o improved agreement with the experimental data in" the 
critical regionH1

; however, these terms cause nonphysical 
behavior of some thermodynamic properties in the range 
specified by Eq. (3.1:». 

A fundamental equation for the critical region of steam 

IAPS 82 Equation of State 

10 

T 
~ 

T 
E 

3: 

~ .s: 
n 
::J 

""0 
'C: 

0 6T=-O.15K 
<..) 

"0 
E 
II... 
(J) 

..r::. 
I-

6T=IOK 

Pc 400 

Density, kg/m3 

FIG. 20. The thermal conductivity in the critical region as 'a function of 
density at selected values of ~ T = T - Tc, when calculated from 
Eq. (3.4) in conjunction with the lAPS 82 formulation. 

which incorporates the mathematical form of the singular 
behavior of the thermodynamic surface near the critical 
point predicted by theory has been formulated by Levelt 
Sengers et al. L8 This scaled non analytic equation for the 
thennodynamic properties is valid in the range. 

0.995<1'< 1.07, 0~63<p< 1.32. (IlI.l) 

Near the critical point, the thermal conductivity can be cal
culated from the scientific thennal conductivity equation in 
conjunction with the scaled fundamental equation of Levelt 
Sengers et al.L8 In practice, we prefer to use the alternative 
thermal conductivity equation for scientific use, described in 
Appendix II, since it is related to a version of the equation for 
the viscosity J..l which is better suited for the viscosity in the 
critical region as well. The values thus calculated for the 
thennal conductivity in the critical region are shown in Fig. 
2l. 

On comparing the range, Eq. (111.1), with the range, Eq. 
(3.15), excluded from the lAPS 82 fonnulation, we note that 
there is a region of overlap where one can use either the lAPS 
82 fonnulation or the scaled nonanalytic fundamental equa
tion in calculating A from the thermal conductivity equa
tions for scientific use. The scaled fundamental equation is 
recommended in cases where it is important that the deriva
tives of the thermodynamic surface display the behavior ex
pected from the modem theory of critical phenomena.K4 

J_ Phys. Chem. Ref. Data, VoL 13, No_ 3,1084 
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Scaled Equation of State 

10 

~T=-0.15K 

~T=5K 

~T=20K 

300 p! 350 400 

Den'sjty, kg/m3 

FIG. 21. The thermal conductivity in the critical region as a function of 
densities at selected values of.J T = T - Tc , when calculated from 
the alternative thermal conductivity equation for scientific use in 
conjunction with the scaled equation of Levelt Sengers et al. (Ref. 
L8). 

Appendix IV 
Alternative Thermal Conductivity Equation 

for Industrial Use 
As mentioned in Appendix B of the lAPS Release on 

Thennal Conductivity, an alternative thermal conductivity 
equation for industrial use was proposed by Watson. W3 This 
equation has the form 

(IV.I) 

in tenns of the dimensionless variables T and p defined by 

9.7 

0.6 

0.5 
~ 

E 
"-
3= 0.4 .. 
.< 

0.3 

0.2 

0.1 

100 

0' 22.6 MPa 
x 23.1 MPa 
t:> 23.6MPa 
+ 24.1 MPa 
o 27.6MPa 
~ 30.1 MPa 
fJ 35.0MPa 

200 300 400 600 
Density, kg/m3 

FIG. 22. The thermal conductivity of steam in the critical region as a func
tion of density at constant pressures. The data are those of Sirota 'et 
al. (Ref. S5). The curves represent Eq. (IV.l) with densities from the 
IFC 67 formulation. 

Eq. (3.3). The function Ao(T) in Eq. (IV.I) is identical to the 
function A.o(T) defined by Eq. (3.5), while the function 
A. i'(T, p) is 

A ~(f.p) =exp [ptJo cfi 

x( ~ - 1 Y(p W]. (IV.2) 
T. 

with the coefficients ~ given in Table IV.1. 
The alternative thermal conductivity equation for in

dustrial use has the same form as Eq. (3.4), except that the 
term Air, p} in Eq. (3.4) has been omitted and the coeffi
cients b ~ in Eq. (3.7) have been replaced by a new set of 
coefficients c!}. In this alternative equation for industrial use, 
no attempt was made to reproduce the strong enhancement 
of the thermal conductivity in the critical region. This fea
ture is illustrated in Fig. 22 where the values calculated from 

TABLE IV. I. Coefficients ~ for A ;'(T,p) 

o 
1 
2 
3 
4 
5 

o 

+2.0476004 
..:. 1.5962370 
+ 0.0993949 
+ l.377 4179 
- 1.0242464 
+ 0.220 3151 
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+ 7.8791290 
- 10.781 3807 
-1.2449962 
+ 8.147 715 4 
- 3.7521680 
+ 0.4418686 

2 

+ 23.260 573 6 
- 24.028 294 4 
-7.0974356 

+ 12.0340912 
- 3.3303434 
+ 0.283 689 2 

+ 19.561 2336 
- 1.7812867 
- 7.164 164 5 
+ 1.721 2905 

0.0 
0.0 

4 

22.639593 I 
+ 19.4620986 
- 4.577 011 7 
+0.204277 1 

0.0 
0.0 
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Tabl e IV. 2. Comparison of alternative thermal conductivity equation for industrial use with international input 

First Author Ref. No. of Points Av. % Dev. Mean % Dev. r.m.s. % Dev. !:{t. % n > 10 n > 20 n > 30 

Schmidt [53] 24 0.04 0.45 
Timrot [TI] 10 -0.72 0.83 
Vargaftik [V2] 19 -0.33 1.13 
Milverton [~!2] 56 2.74 2.74 
Timrot [T2] 11 0.03 2.52 
Tirnrot [T3] 16 -0.34 1. 73 
Vargaftik [V3] 7 -0.86 1.56 
S"hTnidt [04) S 0.54 0.50 

Challoner [CI] S 0.24 0.24 
Vargaftik [V4) 9 0.58 2.08 
Vargaftik [V5] 61 1.75 2.31 
Vargaftik [V6] 30 -0.88 0.94 
Lawson [L3] 3S -0.16 2.19 
Vargaftik [V7) 41 1.06 1.61 
Vines [V8] 2 -1.86 2.40 
Tarzimanov [T4] 33 0.17 1.14 
Vukalo)'lich [V9] 39 -0.39 2.82 
Keyes [K2]' 50 -0.14 1.85 
Vargaftik [VIOl 21' -0.02 1.22 
Venart [Vll] 4 -0.75 1.81 
Brain [B3} 3 0.25 0.75 
Cherneeva [C2] 60 0.04 0.88 
Le Neindre [L5] 226 -0.11 0.64 
Le Neindre [L6] 65 -0.34 0.95 
Tarzimanov [T5) 19 0.18 0.60 
Mashirov [M3] 14 1.12 1.34 
Brain [B4] 36 -0.48 1.68 
Bach [Bl] 374 -0.15 0.70 
Tarzirnanov [76] 8 1.30 2.10 
Le Neindre [L7] 98 -0.18 3.32 
Tarzimanov [T7] 86 -0.30 2.06 
Bury [BS] 102 -1. 23 1.83 
Vargaftik [VIZ] 11 0.50 1.07 
Minamiyama [M4] 45 0.65 0.73 
Ras torguyev [R2] 442 0.12 0.63 
Sirota [55] 214 -0.88 3.59 
Castelli [C3] 48 -0.88 0.89 
Amirkhanov . [AI]' 695 0.88 1.28 
Takizawa [T8] 29 1.32 1.40 
Minamiyama [M5) ISO 0.03 0.66 
Minarniyarna [M6] 241 -0.25 0.84 
Tsederberg [T9] 146 0.01 1. 61 

Overall resul ts: 3623 0.12 1.33 

tht: alternative thennal conductivity t:quation art: compa.ied 
with the data of Sirota et al. in the critical region. The corre
sponding information for the international thermal conduc
tivity equation for industrial use was given in Fig. 15. 

Just as the international thermal conductivity equation 
for industrial use, the alternative thermal conductivity equa
tion for industrial use can be used with densities calculated 
from the IFC 67 formulation. It covers the same range, Eq. 
(3.1), as the international thermal conductivity equations ex
cept for the exclusion of a region around the critical point 
bounded by 

(IV.3) 

Outside this range the alternative thermal conductivity 
equation for industrial use represents the experimental ther
mal conductivity data with an accuracy comparable to that 
of the international equation for scientific use. 

In Table IV.2 we present a comparison between the 
thermal conductivity values calculated from the alternative 
equation for industrial use and the experimental data con
tained in the International Input. The corresponding infor-

0.54 3.0 0 0 0 
1. 01 3.0 0 0 0 
1.44 3.0 0 0 0 
2.84 2.0 21 0 0 
3.13 3.0 2 0 0 
2.73 3.0 3 1 0 
1.96 3.0 1 0 Q 
0.63 '2.0 0 0 0 

0.41 1.0 0 0 0 
2.27 2.0 2 0 0 
2.88 3.0 13 0 0 
1. 21 2.0 4 0 0 
3.14 3.0 6 1 1 
1.91 3.0 2 0 0 
3.04 3.0 1 0 0 
1.41 2.0 0 0 0 
3.70 5.0 7 0 0 
3.00 3.0 6 1 0 
1.3~ 3.U U 0 0 

2.00 3.0 0 0 0 
0.92 2.0 0 0 () 

1.11 4.0 0 0 0 
0.84 2.0 6 0 0 
1. 20 3.0 0 0 0 
0.76 2.0 0 0 0 
1.64 2.0 1 0 0 
1. 91 2.0 1 0 0 
0.85 4.0 0 0 0 
2.60 2.0 5 0 0 
4.21 2.0 33 0 0 
2.60 2.0 20 3 0 
2.22 2.0 17 0 0 
1. 25 2.0 0 0 0 
0.93 2.0 3 0 0 
0.78 2.0 2 0 0 
4.90 2.0 62 6 2 
1.10 2.0 5 0 0 
1.64 4.0 1 0 0 
1. 55 2.0 5 0 0 
0.91 2.0 S 0 0 

1.13 2.0 19 0 0 
2.18 2.6 36 4 0 

2.05 - 292 16 3 

mati on for the intt:rnational tht:rmal conductivity equations 
was given in Tables 11 and 12. Except for the large devia
tions encountered in the range defined by Eq. (IV.3), the 
alternative equation for industrial use yields a satisfactory 
representation ofthe experimental data. Also, since the data 
of Tsederberg et al. were included in its development, the 
alternative equation for industrial use provides a better re
presentation of the thermal conductivity in the region of 
high temperatures and high pressures than the recommend
ed interpolating equation for industrial use. 

Values for the thermal conductivity Ii from the alterna
tive thermal conductivity equation with densities from the 
IFC 67 formulation calculated over a uniform grid of pres
sures and temperatures are presented in Table IV.3. The 
thermal conductivity as calculated from the alternative in
dustrial thermal conductivity equation with densities from 
the IFC 67 formulation is shown in Fig. 23 as a function of 
temperature along selected isobars and in Fig. 24 as a func-

. tion of pressure along selected isotherms. These figures may 
be compared with the corresponding Figs. 5 and 6 for the 
international industrial equation. 
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Table IV.3. Smoothed values of the thermal conductivity of water, substance calculated from 
the alternative interpolating equation for industrial use with densities from the 
IFC 67 formulation for industrial use (A in 10'"3 W m- I K-l) 

~ TEMPERATIJRE, °c 

250 300 350 375 

I

i ~ 0 25 50 75 100 150 200 

.1 ~-5-6-1-.-0----6-0-7-.4----6-4-5--.0----6-6-9--.1-----2-'4--.3-----2-.8--.6-----3-3-.-2-----3-8-.-1-----4-3-.-4-----4-8-.-9-----5-1-.--8 

I 

.5 561.2 607.5 645.1 669.2 681.5 681.9 34.5 38.9 43.9 49.2 52.0 
1.0 561.4 607.6 645.2 669.3 681.7 682.2 36.3 40.0 44.5 49.6 52.4 
2.,5 562.0 608.0 645.6 669.8 682.3 683.2 660.7 44.4 47.0 51.1 53.6 
5.0 563.1 600.~ ~4~.3 ~70.7 ~03.4 ~04.0 ~~2.9 ~10.0 53.2 5~.~ 5~.~ 

7.5 564.2 609.3 647.0 671.6 684.5 686.4 665.2 621.8 64.7 59.8 60.3 
10.0 565.4 610.0 647.8 672.5 685.6 688.0 667.4 624.8 554.9 67.8 65.9 
12.5 566.6 610:8 648.6 673.4 686.7 689.7 669.7 627.8 559.1 81.1 74.0 
15.0 567.8 611.6 649.4 674.4 687.8 691.3 671.9 630.7 563.4 107.4 86.4 
17.5 5b9.1 b1?4 A50.~ A75.3 ARQ.O A93.0 A74.? A33.7 5A7.A 4A~.R 107.2 
20.0 570.4 613.3 651.2 676.4 690.2 694.6 676.4 636.7 571.8 470.1 149.6 
22.5 571.7 614.2 652.1 677.4 691.4 696.3 678.7 639.6 576.0 476.7 414.8 
25.0 573.1 615.1 653;0 678.4 692.6 698.0 680.9 642.6 580.1 483.3 416.3 
27.5 574.4 616.1 654.0 679.5 693.8 '699.7 683.2 645.5 584.2 489.9 424.7 
30.0 575.8 617.0 655.0 680.5 695.0 701.4 685.4 648.4 588.2 496.4 433.5 
~o.o O/~./ 61Y.l 6~/.0 6~~./ 6Y/.~ /04.1 68Y.Y 6~4.~ ~Y6.1 008.8 4~O.6 

40.0 581.6 621.2 659.1 685.0 700.0 708.1 694.3 659.8 603.8 520.5 466.3 
45.0 584.5 623.5 661.3 687.3 702.6 711.5 698.7 665.4 611.1 531.6 480.8 
50.0 587.5 625.8 663.5 689.6' 705.2 714.9 703.1 670.9 618.3 542.0 494.1 
55.0 590.5 628.2 66~.~ 692.0 707.8 718.3 707.5 676.3 625.2 551.8 506.5 
60.0 593.5 630.6 668.2 694.4 710.4 721.7 711.8 681.6 631.8 561.1 517.9 
65.0 596.5 633.1 670.5 696.9 713.0 725.0 716.0 686.8 638.3 569.8 528.5 
70.0 599.4 635.6 673.0 699.3 715.6 728.3 720.2 691.8 644.5 578.1 
75.0 602.3 638.2 675.4 701.8 718.2 731.6 724.4 696.8 650.5 585.9 
80.0 605.2 640.8 677.9 704.2 720.8 734.9 728.5 701.7 656.3 593.3 
85.0 608.0 643.4 680.4 706.7 723~5 738.2 732.6 706.5 661.9 600.3 
90.0 610.7 646.0 682.9 709.2 726.1 741.4 736.6 711.3 667.4 607.0 
95.0. 613.3 648.7 685.4 711.7 728.6 744.6 740.6 715.9 672.6 613.2 

100.0 615.9 651.3 688.0 714.2 731.2 747.7 744.5 720.4 677.7 619.2 

.1 

.5 
1.0 
2.5 
5.0 
7.5 

10.0 
12.5 
l::i.O 
17.5 
20.0 
22.5 
25.0 
27.5 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 

100.0 

400 

54.7 
54.9 
55.2 
56.3 
58.6 
61.7 
66.0 
71.6 
7'1.4 
90.3 

106.4 
131.6 
174.8 
259.7 
340.4 
377.4 
400.6 
420.7 
438.5 
454.6 
469.2 
482.5 
494.7 
505.9 
516.3 
525.9 
534.8 
543.0 
550.6 

425 

57.7 
57.9 
58.2 
59.1 
61.1 
63.8 
67.2 
71.5 
77.1 
84.4 
93.8 

106.4 
123.5 
147.1 
179.3 
266.6 
319.2 
349.8 
374.3 
395.6 
414.4 
431.3 
446.5 
460.3 
472.9 
484.4 
495.0 
504.6 
513.5 

450 

60.7 
60.9 
61.2 
62.1 
63.9 
66.2 
69.1 
72.7 
77.1 
82.5 
89.2 
97.3 

107.5 
120.1 
135.8 
177.8 
230.2 
273.8 
305.9 
332.5 
355.7 
376.4 
394.9 
411.5 
426.6 
440.2 
452.7 
464.0 
474.3 
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475 

63.8 
64.0 
64.3 
65.2 
66.9 
69.0 
71.6 
74.7 
70.-4 
82.7 
87.9 
94.0 

101.2 
109./' 
119.5 
144.4 
176.1 
212.0 
245.6 
274.3 
299.7 
322.6 
343.6 
362.6 
379.9 
395.5 
409.7 
422.6 
434.3 

TEMPERATURE, °c 

500 

67.0 
67.2 
67.4 
68.3 
70.0 
72.1 
74.5 
77.2 
00.5 
84.2 
88.5 
93.4 
99.0 

105.4 
112.6 
130.0 
151.4 
176.3 
203.0 
229.6 
254.1 
276.8 
298.0 
317.8 
336.3 
353.3 
368.9 
383.0 
395.8 

550 

73.3 
73.6 
73.9 
74.8 
76.6 
78.6 
80.8 
83.3 
96.0 
89.1 
92.5 
96.2 

100.3 
104.8 
109.7 
120.8 
133.6 
148.2 
164.3 
181.7 
199.7 
217.8 
235.6 
252.9 
269.7 
285.9 
301.5 
316.3 
330.1 

600 

79.9 
80.2 
80.5 
81.5 
83.4 
85.4 
87.6 
90.0 
92.5 
95.3 
98.3 

101.5 
105.0 
108.6 
112.6 
121.1 
130.7 
141.2 
152.6 
164.8 
177.7 
191.0 
204.8 
218.5 
232.2 
245.6 
258.6 
271.2 
283.4 

650 

86.6 
86.9 
87.2 
BB.3 
90.3 
92.3 
94.5 
96.9 
99.'1 

102.0 
104.8 
107.7 
110.8 
114.0 
117.5 
124.7 
132.6 
141.1 
150.2 
159.7 
169.7 
180.0 
190.6 
201.4 
212.2 
223.0 
233.7 
244.1 
254.1 

700 

93.4 
93·.7 
94.1 
.,,:J.:.l 
97.2 
99.3 

101.5 
103.7 
106.2 
108.7 
-111.3 
114.0 
116.9 
119.8 
122.9 
129.3 
136.2 
143.4 
151.0 
159.0 
167.1 
175.5 
184.1 
192.7 
201.3 
210.0 
218.5 
226.9 
235.1 

750 

100.3 
100.6 
101.0 
102.1 
104.1 
106.1 
108.2 
110.4 
112.7 
115.1 
117.5 
120.1 
122.7 
125.4 
128.1 
133.9 
139.9 
146.2 
152.7 
159.4 
166.3 
173.3 
180.3 
187.4 
194.4 
201.3 
208.1 
214.7 
221.2 

538.4 
547.6 
556.3 
564.3 
571.9 
579.0 
585.7 

800 

107.3 
107.6 
108.0 
10"i.1 
110.9 
112.8 
114.8 
116.9 
119.0 
121.2 
123.4 
125.7 
128.0 
130.4 
132.9 
138.0 
143.2 
148.7 
154.2 
159.9 
165.6 
171.4 
177.2 
183.0 
188.7 
194.3 
199.7 
204.9 
209.9 
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FIG. 23. Thermal conductivity, ca1culated f~om Eq. (IV. 1), as a function of 
temperature at selected pressures. 
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Alternative Equation for Industrial' Use 
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FIG. 24. Thermal conductivity, ca1culated from Eq. (IV. 1), as a function of 
pressure at selected temperatures. 
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